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Abstract

Today’s global energy challenges pose an urgent need to electrify transportation and better store
intermittent renewable energy sources (e.g., solar and wind energy). For such large-scale battery
applications, aluminum batteries are a promising “beyond lithium-ion” technology due to the high
volumetric capacity, earth abundance, low-cost, and inherent safety of aluminum metal. However,
there are very few compatible positive electrode materials that exhibit high energy density and
cycling stability, in part due to the challenges of electrochemically intercalating highly charged
Al3+ cations. Recently, graphite has been demonstrated as a promising positive electrode material
in non-aqueous rechargeable aluminum batteries, which store charge when monovalent
chloroaluminate molecular anions (e.g., AlCl4-) intercalate into graphite. Such aluminumgraphite batteries exhibit discharge voltages of ca. 2 V, high cycle life, and ultra-fast rate
capabilities. However, it remains unclear how the electrochemical performance is linked to the
fundamental processes that govern the electrochemical intercalation of AlCl4- anions, which occur
over varying length and time scales. Notably, the relationships among graphite material and
electrode structures, molecular-level AlCl4- environments, ion mass transport, and cell-level
electrochemical properties are not well understood.
Here, the electrochemical intercalation of chloroaluminate anions into graphite is investigated
from the molecular to macroscopic scales via electrochemical, spectroscopic, and theoretical
methods. First, we elucidate the effects of different graphite structures on cell-level properties,
such as capacity, cycle life and the extent of parasitic side reactions that contribute to capacity
fade. The theoretical capacity and maximum graphite stage were estimated coulometrically via
applying a hard-sphere model. Variable-rate cyclic voltammetry (CV) analyses quantify the ionic
transport of AlCl4-, revealing potential-dependent regimes that are not strongly diffusion-limited,
an unexpected result that suggests that the intercalation of the sterically bulky molecular anion
into narrow graphite layers is a faster and more facile process than expected.
To probe the local environments of the intercalated AlCl4- anions themselves, solid-state
nuclear magnetic resonance (NMR) spectroscopy was used to measure the local
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27Al

electronic

and magnetic environments. The NMR results establish that the intercalated anions experience
a diversity of local environments that deviate from the uniform environments suggested by ideal

iv

graphite staging models. Density Functional Theory (DFT) quantum chemical calculations were
performed using a [AlCl4-]-coronene bilayer structure model to quantitatively interpret the
experimental 27Al NMR shifts. The NMR and DFT results establish that the high extents of local
disorder observed in experimental

27Al

NMR spectra are largely due to distributions of AlCl4-

molecular configurations that deviate from tetrahedral geometry. Notably, this includes planarlike configurations at lower cell potentials at which the graphite layers are contracted, suggesting
that the anions can intercalate even before the layers fully expand, which appear to facilitate nondiffusion-limited intercalation processes.
Finally, we developed a rigorous electrochemical explanation for the (ultra)fast performance of
Al-graphite batteries, in light of conflicting explanations as to how modified graphite structures
are linked to enhanced high-rate capability. Using advanced electrochemical analyses, the
Faradaic, pseudocapacitive, and capacitive contributions were disentangled quantitatively. Two
model electrodes were studied: (i) pristine graphite and (ii) exfoliated graphite prepared by a
scalable ultrasonication process. Variable-rate CVs revealed that exfoliated graphite
exhibited significant pseudocapacitive contributions that accounted for ~30% higher capacity at
fast cycling rates, while electrochemical impedance spectroscopy (EIS) confirmed lower chargetransfer resistances and higher effective diffusion coefficients. Reduced tortuosity and the
increased accessibility of interstitial pores to AlCl4- ions are hypothesized to alter ion mass
transport within the porous electrode. Thus, mild exfoliation is shown to be simple method that
enhances pseudocapacitive contributions, enhancing capacity retention at higher charge and
discharge rates.
Overall, the results provide enhanced fundamental understanding of the electrochemical ion
intercalation and transport processes that underlie the charge storage mechanism of graphite
electrodes in rechargeable Al-graphite batteries, as well as strategies for their control. This work
thus provides a scientific foundation for the continued technological development of this emerging
electrochemical energy storage technology.
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Introduction and Overview of Dissertation

Climate change poses an urgent need for sustainable and renewable energy systems. Fortunately,
there is a global plan to reduce our dependence on non-renewable energy sources and to mitigate
the environmental impact of greenhouse gases. The Paris Agreement, which outlines an
ambitious goal of achieving carbon neutrality by 2050, has been adopted by more than 110
countries that represent 65% of the total greenhouse gases generated. Therefore, there is
tremendous pressure to electrify transportation and to store electricity generated from solar, wind
and other intermittent, natural sources. For these applications, implementation of existing
commercialized battery technologies such as lithium-ion (Li-ion) batteries is not a promising longterm solution because these technologies are expensive, potentially hazardous, and contain active
materials that are not earth-abundant. Meeting the ever-increasing demand for electric vehicles
and grid storage will require transformative advancements in electrochemical energy storage
technology beyond Li-ion.

Aluminum-graphite batteries have recently been envisioned as a next-generation highperformance battery chemistry. Owing to the high global abundance, low-cost, and chemical
stability in air of aluminum metal, such an electrode material would be viable for large-scale
energy storage applications. Aluminum metal also exhibits a remarkable volumetric capacity of
8.05 Ah/cm3, which is ca. 4 times greater than that of Li metal (2.06 Ah/cm3), while maintaining
comparable gravimetric capacity of 2.98 Ah/g (~3/4 of Li metal’s at 3.85 Ah/g), owing to the threeelectrochemical redox processes involving Al3+ (Figure 1.1).1 Graphitic carbon, the positive
electrode material of Al-graphite batteries, is already currently widely used for battery electrodes
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owing to their thermodynamic stability, high theoretical specific energy capacity, high electrical
conductivity, high earth-abundance, and low cost.

Figure 1.1 Properties of common metals used for rechargeable batteries

In the past 6 years since rechargeable high-performance Al-graphite batteries were first
reported,2,3 researchers have continued to demonstrate promising performance and have
expressed high hopes that a commercialized aluminum battery would revolutionize the energy
storage market. However, there has been a dearth of fundamental studies into their molecularlevel workings, which need to be better understood before this nascent battery technology can be
practically realized. This dissertation aims to elucidate the charge storage mechanisms that
govern rechargeable aluminum-graphite batteries.
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Chapter 2 presents a background on how aluminum-graphite batteries work and a literature
review of the rapidly growing body of research around Al-graphite batteries. An overview of the
material components is discussed. Lastly, a brief summary of the main materials characterization
and electrochemical techniques used in this dissertation are presented.

Chapter 3 presents a study that elucidates the effects of graphite structure on ionic transport and
cell-level performance. The compositions of the fully-charged electrodes were determined
coulometrically and linked to the disputed maximum theoretical capacity and graphite stage
density using a hard-sphere model.

Chapter 4 presents a study that combines experimental solid-state nuclear magnetic resonance
(NMR) spectroscopy with computational density functional theory (DFT) to reveal the molecular
geometry, local environments and inter- and intramolecular interactions of the intercalated ions
within the charged graphite electrodes.

Chapter 5 presents an electrochemical analysis that decouples the capacitive and non-capacitive
charge storage mechanisms to elucidate the nature of the high rate-capability. Ultrasonic
exfoliation of bulk graphite is demonstrated as a mild processing technique that can further
enhance the high rate-capability of Al-graphite batteries. This exfoliated graphite electrode
material is tested as a model material with a tunable structure to rationalize the effects of
transport-limitations on overall rate performance.

Chapter 6 presents the main conclusions, future work and outlook on Al-graphite batteries.
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2

Background of Al-Graphite Batteries

2.1

Fundamental Principles of Rechargeable Batteries

Rechargeable batteries are multicomponent devices comprising a positive electrode, a negative
electrode and an electrolyte (Figure 2.1a). Electrical energy is stored and released via redox
reactions enabled by the free energy difference between the 2 electrodes, which determines the
thermodynamic equilibrium potential (i.e., µA – µC = V0) of the cell (Figure 2.1b). The electrolyte,
an

ionically-conducting

and

electron-insulating

medium,

must

therefore

possess

an

electrochemical potential stability window (Eg) that spans at least V0 (Figure 2.1b). During
discharge, the negative electrode (conventionally denoted as the “anode” material of a
rechargeable battery) is oxidized as electrons flow through an external circuit to reduce the
positive electrode (denoted as the “cathode” material). Simultaneously, to preserve charge
neutrality within the system, ions migrate from one electrode to the other across the electrolyte.
During charge, an external potential needs to be applied to reverse the reaction. Note that on
charge, the roles of the “anode” material and the “cathode” material are switched, but
conventionally the electrodes keep the name assigned to them during the discharge process.

Figure 2.1. (a) Basic components and mechanism of rechargeable batteries (2) Thermodynamic
properties that are determined by the electrodes and electrolyte. Reproduced from [4, direct link:
https://pubs.acs.org/doi/full/10.1021/acs.chemmater.6b03183] with permission.
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Early rechargeable battery technologies used mainly conversion-type electrodes, where
electroactive ionic species participate in a reversible conversion reaction with the electrode (e.g.,
transition metal compounds, sulfur, etc.). Conversion-type electrodes typically offer very high
theoretical capacities but are plagued with lower cycle lifetimes due to significant structural and
chemical changes of the electrode. Later battery chemistries introduced in the 1970s utilized
electrochemical intercalation-type electrodes, where ionic species reversibly insert into (and
disinsert from) the electrode host structure. Intercalation-type electrodes offer significant
advantages over conversion-type electrodes because of decreased structural rearrangement of the
host materials over repeated cycles, but exhibit lower theoretical capacities that are limited by
the host’s intercalation capacity. Lithium-ion, the most notable intercalation battery chemistry
which has revolutionized portable electronics since its commercialization by Sony in 1991, uses
Li+ intercalant ions sourced from the cathode materials (e.g., LiCoO2 (LCO), LiFePO4 (LFP),
LiNi0.8Co0.15Al0.05O2 (NCA), and other lithium-containing transition metal oxides) that shuttle in
and out of the anode (e.g., graphite).1 Three of its inventors (Goodenough, Whittingham, and
Yoshino) were honored with the 2019 Nobel Prize in Chemistry, highlighting the significant role
that batteries have already played in enabling today’s mobile devices, as well as the shared
optimism that they will contribute to a fossil fuel-free society in the future. Advancements in Liion batteries are expected to continue through academic and industrial research in the areas of
(i) novel cathode materials with higher potentials and lower concentrations of elements that are
expensive and non-environmentally-friendly (ii) electrolytes (e.g., solid-state electrolytes and
using additives to reduce side reactions) and (iii) anodes (e.g., replacing the graphite anode with
extremely high-capacity silicon).5

While Li-ion batteries are currently the state-of-the-art technology for small-scale (e.g., cell phone
capacity ~10 Wh) to mid-scale applications (e.g., Tesla Model S capacity ~ 85 kWh), they are
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prohibitively expensive and flammable for large-scale battery applications (e.g., grid scale storage
~MWh). Thus, there are opportunities for other “beyond-lithium” battery technologies to enable
large-scale applications through means that are less expensive, safer and more environmentallyfriendly. Ideally, this next-generation technology should also provide better performance. One
obvious choice is to use metal electrodes that involve multivalent ions (e.g., Mg2+, Ca2+, Zn2+, Al3+,
etc.) as the electroactive charge carrier6,7, which are far more abundant, lower-cost and yield 2-3x
higher theoretical volumetric capacities than lithium metal. However, these beyond-lithium
multivalent chemistries introduce new challenges, as their charge storage mechanisms are not
straightforward and are not analogous to Li+ intercalation.5

2.2

Material Components of Al-Graphite batteries

Aluminum metal has been referred to as a “holy grail” anode material for decades owing to the
promise of multivalent Al3+ ion transfer. However, the intercalation of Al3+ into (and subsequent
deintercalation from) the host cathode materials is challenging, largely due to the high ionic
charge density of Al3+ ions. As a result, only a small number of host cathode materials have been
demonstrated to intercalate Al3+ cations, namely Mo6S8 chevrel8,9, 2D transition metal
carbide/nitrides (MXenes)10, vanadium oxides11 and organic quinone-based materials12, but they
generally offer low theoretical capacity and energy density. Additionally, the electrolyte must be
capable of reversibly plating and stripping the metal electrode. Currently, the dominant type of
aluminum metal batteries involves AlCl4- monovalent anions intercalation and employs graphite
cathodes and AlCl3:EMImCl non-aqueous ionic liquid electrolytes. The basic workings of this
battery and the role of each component are discussed below.
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2.2.1

The Aluminum Metal Electrode (Anode)

Aluminum is the most abundant metal in the Earth’s crust (8.2 % by mass).13 It is ubiquitous in
our everyday lives, ever since French engineer Paul Héroult and American engineer Charles
Martin Hall developed the Hall-Heroult industrial process in 1886 to efficiently convert alumina
(mined from bauxite, the predominant ore of aluminum) into pure aluminum at scale.13 Because
of its widespread use in applications ranging from beverage containers to airplanes, aluminum is
also the most recycled material. Nearly 75% of all aluminum ever produced remains in use
today.14 One reason for aluminum’s versatility is its chemical stability, owing to the thin
passivating oxide layer of Al2O3 (≈ 5 nm thick) on the surface of all aluminum metal when exposed
to oxygen.15 In fact, this oxide layer renders aluminum metal effectively inert in aqueous solutions
with 4<pH<9 (Figure 2.2).16

Figure 2.2 Pourbaix diagram of aluminum metal in water at 25°C. Figure adapted from [16].
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However, aluminum corrosion occurs in aqueous solutions outside of this stable pH range. For
example, in alkaline solutions (e.g., KOH), the passivating Al2O3 layer dissolves and the
aluminum metal surface electrochemically reacts with water via the overall cell reaction

4𝐴𝑙 + 3𝑂$ + 6𝐻$ 𝑂 → 4𝐴𝑙(𝑂𝐻)%

Eqn. 2.1
which generates a theoretical cell voltage of 2.74 V vs. SHE and is the basis of the nonrechargeable (primary) aluminum battery first proposed in 1962.17 The practical operating cell
voltage of this battery is approximately 1.2-1.6 V, lower than the theoretical cell voltage due to
the initial dissolution process of Al2O3, and the formation of passivating corrosion products (i.e.,
Al(OH)4- and Al(OH)3) as well as H2 gas during both cell storage and cell discharge. 17 Some recent
investigations into aqueous Al batteries have focused on omitting Al metal altogether. For
example,

Holland

et

al.

demonstrated

a

TiO2/AlCl3:KCl/Copper-hexacyanoferrate

(anode/electrolyte/cathode) cell that achieved > 1700 cycles, but the energy density of these
aqueous, Al metal-free batteries are now effectively limited by the Al3+ in the electrolyte, instead
of the nearly unlimited source of Al3+ provided by Al metal electrodes.18

2.2.2

The Chloroaluminate-containing Electrolyte

The non-aqueous electrolyte is a critical component of Al-graphite batteries that enables the
stripping and plating of Al metal. In 1968, Tremillon et al. reported that at elevated temperatures,
reversible stripping and plating of Al metal can occur in a mixture of AlCl3 and alkali chloride
molten salts via19
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Charge

4𝐴𝑙$ 𝐶𝑙&'

+ 3𝑒

'

⇌

Discharge

𝐴𝑙 + 7𝐴𝑙𝐶𝑙('

Eqn. 2.2
The molar ratio of the electrolyte mixture of AlCl3 and the chloroaluminate-based salt needs to
be greater than 1, which generates Al2Cl7- (heptachlorodialuminate anion) and yields a Lewis
acidic mixture via Eqn. 2.3. On the other hand, if the molar ratio of AlCl3:chloroaluminate-based
salt is less than 1, then only AlCl4- and Cl- ions are present, yielding a Lewis basic mixture (Eqn.
2.4) that is unable to plate and strip Al metal.

𝐴𝑙𝐶𝑙(' + 𝐴𝑙𝐶𝑙% ↔ 𝐴𝑙$ 𝐶𝑙&'

Eqn. 2.3
𝐴𝑙𝐶𝑙% + 𝐶𝑙' ↔ 𝐴𝑙𝐶𝑙('

Eqn. 2.4

With this knowledge, Gifford et al. demonstrated an Al-graphite cell (1988) with an AlCl3:[1,2dimethyl-3-propylimidazolium chloride]Cl electrolyte mixture.20 They proposed that Cl2 gas is
generated during charging, which contributes to the cell capacity by forming a graphite
intercalation compound, C) Cl. The overall intercalation mechanism proposed was summarized as

Charge: 𝐴𝑙$ 𝐶𝑙&' + 3𝑥𝐶 → 𝐴𝑙 + 𝐴𝑙𝐶𝑙(' + 3𝐶* 𝐶𝑙
Eqn. 2.5
However, the proposed intercalating species (Cl- anions) and mechanism were not experimentally
confirmed. Other issues of this system were low specific capacity (~33 mAh/g of graphite at 10
mA/g current), poor cyclability and the generation of hazardous chlorine gas. 20
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In 2015, after almost a 30 year hiatus in Al battery research, Lin et al.2 revitalized the field by
demonstrating a high-performance rechargeable aluminum batteries with excellent capacity (~66
mAh/g), cycle life (7500 cycles) and high-rate capability (up to 4 A/g). The electrolyte used was
AlCl3:[1-ethyl-3-methylimidazolium chloride (EMImCl)], in which they tested different molar
ratios and concluded that 1.3:1 yielded slightly higher energy density. The electrochemical
mechanisms at the anode (aluminum metal) and the cathode (graphitic carbon) proposed by Lin
et al. are shown in Figure 2.3.

Figure 2.3 Proposed electrochemical mechanism of rechargeable Al/AlCl3:EMImCl/Graphite
batteries. Reproduced from [2] with permission.
During charge, the electroplating of Al metal at the anode and intercalation of AlCl4- anions into
graphite at the cathode are summarized as

+,-./01/

𝐴𝑛𝑜𝑑𝑒: 4𝐴𝑙$ 𝐶𝑙&' + 3𝑒 ' N⎯⎯⎯⎯⎯P 𝐴𝑙 + 7𝐴𝑙𝐶𝑙('

Eqn. 2.6
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+,-./01/

𝐶𝑎𝑡ℎ𝑜𝑑𝑒: 𝐶1 + 𝐴𝑙𝐶𝑙(' N⎯⎯⎯⎯⎯P 𝐶1 𝐴𝑙𝐶𝑙( + 𝑒 '

Eqn. 2.7

The reverse reactions occur during discharge, namely the electrostripping of Al metal at the anode
and de-intercalation of AlCl4- anions from graphite at the cathode:

2034,-./01/

𝐴𝑛𝑜𝑑𝑒: 𝐴𝑙 + 7𝐴𝑙𝐶𝑙(' N⎯⎯⎯⎯⎯⎯⎯⎯P 4𝐴𝑙$ 𝐶𝑙&' + 3𝑒 '

Eqn. 2.8
2034,-./01/

𝐶𝑎𝑡ℎ𝑜𝑑𝑒: 𝐶1 𝐴𝑙𝐶𝑙( + 𝑒 ' N⎯⎯⎯⎯⎯⎯⎯⎯P 𝐶1 + 𝐴𝑙𝐶𝑙('

Eqn. 2.9

Note that 3 anions need to be intercalated in the cathode to generate the 3 electrons required for
deposition of 1 aluminum atom at the anode.

Additionally, alternative non-aqueous electrolytes have been a subject of interest to mitigate the
high corrosivity and acidity of imidazolium-based ionic liquids. In 2015, Nakayama et al. explored
electrolyte mixtures of AlCl3 with various dialkylsulfones, where di-n-propylsulfone (EnPS) was
demonstrated to reversibly plate and strip Al at room temperature while using reduced
concentrations of AlCl3.21 In 2016, Wang et al. demonstrated that a mixture of 1-butyl-3methylimidazolium trifluoromethanesulfonate ([BMIM][OTF]) with the corresponding aluminum
salt (Al(OTF)3) was a suitable electrolyte for Al deposition that exhibits high ionic conductivity
and low corrosivity.22 However, neither sulfone-based electrolytes were tested in full cells. In 2017,
Angell et al. demonstrated a proof-of-concept Al-graphite battery with an AlCl3:CH4N2O (urea)
electrolyte, which exhibited comparable capacity and energy but significantly lower ratecapability and cycle life (<200 cycles) than those using EMImCl.23 Shortly afterwards, Jiao et al.
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achieved longer cycle lifetimes (~500 cycles) using the same AlCl3:urea electrolyte.24 While the
role played by the cations (e.g., [𝐴𝑙𝐶𝑙$ · 𝑛(𝑢𝑟𝑒𝑎)]5 or Al(EnPS)33+) in these novel electrolyte
mixtures towards Al deposition/stripping remains unclear, these preliminary results highlight
the possibility of using less corrosive electrolytes for Al-graphite batteries.

2.2.3

The Graphite Electrode (Cathode)

The majority of reports that quickly followed after the initial demonstration by Lin et al. sought
to establish the performance of different types of graphite cathode materials. Graphite has a
theoretical capacity of 372 mAh/g for Li-ion batteries (i.e., fully-intercalated composition of LiC6);
therefore it can be assumed that graphite (rather than Al metal) limits the achievable
charge/discharge capacity, provided excess electrolyte is used.25 Initially, Lin et al. had used

pyrolytic graphite electrodes to demonstrate batteries with a specific discharge capacity of ~66
mAh/g (at a current of 66 mA/g).2 To demonstrate the high-rate capability of Al-graphite batteries,
the same group used graphene foam deposited on nickel-foam via chemical vapor deposition,
which supported currents up to 4 A/g.2 Later, Sun et al.26 used carbon paper electrodes to achieve
a specific discharge capacity of ~70 mAh/g (at a current of 100 mA/g). Yang et al.27 fabricated a

3D graphene mesh cathode via chemical vapor deposition of methane onto a folded nickel mesh
scaffold, which was demonstrated to be a highly tunable process. Wu et al.28 reported the
synthesis of 3D graphitic foam by electrochemically, then thermally expanding, pyrolytic graphite.
Furthermore, they oriented all the graphitic layers so that they were perpendicular to the current
collector to reduce the diffusion lengths. The discharge capacity was similar to those of previous
works (~60 mAh/g), but it was able to handle a current density of 12 A/g. Stadie et al.29 tested a
microporous zeolite-templated carbon cathode that offered a high density of uniform micro-scale
pores separated by a conductive framework (high discharge capacity of 380 mAh/ when cycled at
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50 mA/g), but the poorly-defined galvanostatic constant-voltage plateaus and the lack of CV peaks
suggested the dominance of capacitance effects rather than Faradaic intercalation processes.
Wang et al. tested the performance of kish graphite, a synthetic, flake-shaped graphite with 5-10
µm deep “craters” that yielded a capacity of ~110 mAh/g. 30 Most recently, it has been shown that
by engineering the structure of the graphite electrode, one can further enhance the specific
capacity, cycle life, and rate capability. For example, Chen et al.31 demonstrated a hightemperature-annealed “graphene film” electrode that yielded a capacity of 111 mAh/g with 91.7%
retention after 250,000 cycles while claiming extremely high specific currents up to 400 A/g.

2.2.4

Cell Design

Various auxiliary cell components have been tested to be compatible with Al-graphite cells. The
main requirement of these material components is chemical and electrochemical compatibility
with the highly-corrosive and acidic ionic liquid electrolyte, to ensure they do not participate in
the charge storage redox reactions. For example, this requirement applies to current collector
foils, which help conduct the flow of electrons evenly along the electrodes. Tak et al. showed that
nickel current collectors (the most common type used for other rechargeable batteries) were
chemically and electrochemically unstable in AlCl3:EMImCl electrolyte within the 0–2.5 V vs.
Al/Al3+ potential window, and recommended that molybdenum current collectors be used
exclusively.32 Stainless steel is also not compatible; Cohn et al. used it in Al/AlCl3:EMImCl/V2O5
cells and observed extremely high first-cycle discharge capacities likely due to corrosion
reactions33, and Reed et al. later confirmed that the Fe and Cr in stainless steel generated side
reactions with the electrolyte.34 On the other hand, glassy carbon and carbon paper are
electrochemically compatible, but they can potentially contribute to the capacity at similar
potentials as the active material of the graphite cathode and therefore should be avoided in
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experiments that test and characterize graphite cathodes. Shi et al. also tested titanium,
platinum and tungsten and observed significant side reactions for all 3 materials, resulting in
falsely-high capacities.35 Consequently, incompatible materials should be avoided for the casing
of the cell. Currently, the most popular types of casing or liner materials include
polyetheretherketone (PEEK) and polytetrafluoroethylene (PTFE).

Different cell geometries have been used to construct Al-graphite cells. The majority of reports in
the literature have used a coin cell,36,37 beaker/prismatic24,26,38, or Swagelok39–41 configuration.
Areal mass loadings used for the graphite electrode have been generally low (~ 5 mg/cm2 or less).
Several demonstrations have used pouch cells to emphasize the geometric flexibility (and
implicitly, the safe and non-flammable electrolyte should a short circuit occur due to the
mechanical stress induced by bending/folding ) of these cells (Figure 2.4).2,31,42

Figure 2.4. Pouch cell configurations showcasing the flexibility and inherent safety of Al-graphite
batteries. Reproduced from [31] with permission.

In this work, the primary cell design uses a PTFE Swagelok-type union fitting for the cell casing
(Figure 2.5). The Al metal foil, glass fiber separator+electrolyte, and graphite (casted onto a Mo
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foil substrate) are arranged as shown and compressed between two Mo current collector rods. The
union fitting, which is liquid- and air-tight, secures the Mo current collector rods in place. This
design has the important advantage of non-destructive cell disassembly that allows harvesting of
internal cell components after cycling. Ultimately, future applications of Al-graphite batteries at
scale will have specific space and energy/capacity requirements, so various cell sizes and form
factors will be of interest.

a
Molybdenum
Current
Collector

Molybdenum
Current
Collector

b

Figure 2.5 (a) Schematic and (b) exploded view of the Swagelok-type cell assembly and
components for Al-graphite battery used in this work.

2.3

Electrochemical, Spectroscopic, Diffraction, and Theoretical Methods to
Investigate Al-Graphite Cells and Components

The general objective of battery research and engineering is to find the optimal
combination of the 3 major components of the cell (i.e., anode, cathode, and electrolyte). First, the
electrode and electrolyte materials themselves need to be chemically and structural optimized
individually. Next, the components need to be fully compatible with each other to maximize
chemical stability and synergy, as well as to minimize detrimental side reactions and issues
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related to ion transport and reaction kinetics at the electrode-electrolyte interface. Of course, to
generate systematic improvements in performance, one needs to use analytic techniques to probe
the electrochemical cell performance and chemical/material structure of the cell components. This
section will briefly summarize the core analytic techniques used to collect the data presented in
this dissertation.

2.3.1

Cyclic Voltammetry (CV)

Cyclic Voltammetry is the most commonly used technique to analyze electrochemical redox
behavior as a function of potential. The cell potential (E) is changed linearly with time at a
constant scan rate (dE/dt) while the current response (i) is measured. The scan rate controls how
fast the applied potential changes. A higher scan rate leads to a thinner diffusion layer that yields
a higher current response; therefore, CV results are often scan rate-dependent.43 CV results are
represented by cyclic voltammograms, which have anodic (positive) and cathodic (negative) traces
(Figure 2.6). The CV experiment usually begins with the cell potential at the open circuit potential
(OCP). The potential is then increased (at a rate of dE/dt) to an upper potential limit (E2) that is
defined by the user. Afterwards, the direction of the scan is reversed to bring the potential (at a
rate of -dE/dt) to a lower potential limit (E1). Finally, the scan direction is reversed again to
decrease the cell potential back to OCP. This cycle is typically repeated several times until a
steady-state CV is achieved.
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Figure 2.6 Example of a cyclic voltammogram of an Al-graphite battery (multiple scan rates
shown)
CV tests can be performed using a 2-electrode (i.e., working electrode + counter/quasi-reference
electrode) or a 3-electrode (i.e., working + counter + reference electrodes) setup. In a typical 2electrode Al-graphite setup, the graphite electrode is denoted the working electrode as it carries
out the electrochemical event of interest (e.g., undergoes redox as a result of AlCl4- intercalation).
During the anodic scan (positive scan rate), anodic peaks appear at specific potentials where the
graphite undergoes oxidation, resulting in increasingly dense graphite stages.2 During the
cathodic scan (negative scan rate), cathodic peaks appear at potentials where key reduction
processes occur, which causes anion deintercalation and decreasingly dense graphite stages. Due
to its ability to reveal and identify redox reactions, CV is typically the first technique applied to
characterize an electrochemical system.
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2.3.2

Galvanostatic Cycling

During galvanostatic cycling, a constant current is applied to the cell and the potential response
is measured. For the Al-graphite battery, a positive current is used to charge the cell, causing
electrons to flow from the positive electrode (graphite cathode) to the negative electrode
(aluminum anode). The cell is charged until the potential reaches a user-defined upper potential
limit (e.g., E2, 2.45 V vs. Al/Al3+) (Figure 2.7a). Afterwards, a negative current is applied to
discharge the cell, providing the driving force for the reverse reaction. The cell voltage decreases
until the lower potential limit (e.g., E1, 0.5 V vs Al/Al3+) is reached. This charge and discharge
process constitutes one “cycle”.

Galvanostatic cycling profiles display the cell voltage as a function of time. The time variable is
often mapped to specific capacity (i.e., current * time) or chemical composition (i.e., cumulative
capacity divided by the theoretical capacity), enabling the determination of the cycling
performance of the cell under the specified conditions (e.g., potential range, specific current,
temperature, etc). The integrated area under the potential vs. specific capacity curve yields the
specific energy. Plateaus observed in the galvanostatic cycling profile indicate a distinct constantvoltage redox process and/or a distinct phase in the graphite electrode. These constant-voltage
plateaus are usually consistent with CV peaks that occur at the same potential. In fact, a simple
method to compare galvanostatic profiles with a corresponding cyclic voltammogram is to apply
the 1st derivative (d/dx) to the galvanostatic cycling profile, converting the galvanostatic cycling
plateaus to peaks (Figure 2.7b). Plotting this result (dQ/dV) as a function of potential enables
direct comparison to a corresponding cyclic voltammogram.
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Figure 2.7 (a) Example of a galvanostatic cycling profile and (b) a corresponding differential
capacity (dQ/dV) plot

2.3.3

Electrochemical Impedance Spectroscopy (EIS)

EIS involves applying a small sinusoidal potential perturbation and measuring the current
response. The phase shift and amplitude of this response is defined as impedance, which can be
thought of as “complex resistance” because it can be broken down mathematically into a real (Z’)
and imaginary (Z”) component. EIS is a spectroscopic technique because a range of frequencies
(e.g., MHz to µHz) are used as the input signals, yielding a spectrum of impedances, which can
reveal the electrochemical responses that occur at different timescales.44

A Nyquist plot (or Cole-Cole plot) represents the impedance data as vectors on a complex plane,
with the real component and imaginary component of impedance on the x- and y-axes,
respectively (Figure 2.8a). Generally, the experiment begins using a high-frequency perturbation,
which generates the left-most (low impedance) data points. The frequency of the potential
perturbation is then decreased and the response is recorded again, generating the next data point.
This is repeated until the lowest frequency perturbation step is performed, yielding the right-
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most (and highest impedance) points. Note that the frequency information of each data point is
not directly shown in a Nyquist plot. On the other hand, a Bode plot displays the magnitude of
the impedance (|Z|) and the phase angle (ϕ) as a function of frequency (Figure 2.8b).

Various battery components and interfaces yield characteristic features in EIS curves (Figure
2.8c). As an example, the electrolyte resistance can be determined by the x-intercept at high
frequencies in the Nyquist plot, while interfaces yield semi-circle features at mid-ranged
frequencies, and slower electrochemical processes occurring in the bulk yield sloped lines at low
frequencies. These features of the plots can be fitted to a physical model that is typically defined
using electrical equivalent circuit elements, from which electrochemical parameters can be
extracted. The elements in the model are usually a combination of real circuit elements (e.g.,
resistors, capacitors, inductors, etc.) or theoretical elements (e.g., constant phase elements,
Warburg elements, etc.) that are connected in series or in parallel. There is generally no unique
model to describe a system. However, a model should be based on the electrochemistry and the
physical components of the system for it to serve any useful purpose. Further details of the
fundamental and applications of EIS are described in 5.4.4.
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Figure 2.8 Example of a (a) Nyquist plot (b) Bode plot and (c) how EIS can be used to model
internal battery components and interfaces

2.3.4

Powder X-ray Diffraction (XRD)

X-ray diffraction can reveal the chemical composition, phase and structure of a material that has
periodic structural order (i.e., crystalline or semi-crystalline). X-ray beams with a specified energy
and frequency (e.g., 8.04 keV and 1.5418 Å of Cu K-⍺ X-rays), are directed at the sample. The Xrays penetrate the crystal and get diffracted by the atoms of the crystalline lattice (specifically,
by the electrons surroundings the atoms) at the angle of diffraction relative to the diffraction
plane (𝜃). Traditionally, this angle of diffraction is referenced to the incident beam and is therefore
denoted “2𝜃”. Some diffracted x-rays will destructively interfere and cancel each other out,
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yielding no signal in the diffractogram. Other diffracted X-rays will constructively interfere and
generate a high-intensity signal in the diffractogram, when Bragg’s law is satisfied via:

𝑛 𝜆 = 2 𝑑 sin 𝜃
Eqn. 2.10
where 𝜆 is the wavelength of the X-ray beam (e.g., 1.5418 Å for Cu K-⍺ radiation), d is the distance
between adjacent diffraction planes (commonly referred to in literature as “d-spacing”), and n is
an integer (n = 1, 2, 3, ...). Thus, spatial information about the crystalline lattice can be obtained
from d, which varies with the experimental variable of 𝜃. In real materials which are
polycrystalline and contain different crystallites that are randomly oriented, how can all the
different spatial dimensions present be observed? This is resolved using powder XRD, which uses
an experimental set up where a goniometer precisely rotates the sample and the X-ray detector
to scan through a range of 2𝜃 values, thereby yielding all possible diffraction peaks in the
polycrystalline powdered sample. The data is represented as a diffractogram (e.g., Figure 3.1),
where peaks at particular 2𝜃 values correspond to particular crystalline lattice dimensions
present in the bulk sample.

2.3.5

Solid-state Nuclear Magnetic Resonance (NMR) Spectroscopy

Solid-state NMR spectroscopy uses radio frequency waves to probe the nuclear magnetic moment
of atoms within a bulk solid sample. This powerful analytical technique is based on several key
physical concepts. First, all nuclei possess spin, an inherent property that is specified by the
quantum number I (e.g., I=1/2). There are 2I+1 different energy levels, specified by the quantum
number mI (e.g., mI = +1/2 and -1/2, Figure 2.9a).
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Figure 2.9. Key physical concepts behind NMR spectroscopy

When a sample is placed in an external magnetic field (B0), these different energy levels become
quantized and non-degenerate (Figure 2.9b) due to the nuclear Zeeman interaction. Additionally,
when B0 is present, spins precess at the Larmor frequency 𝜔6 [rad/s], which is calculated via the
Larmor Equation:

𝜔6 = −𝛾𝐵6 = −

𝛥𝐸
ℏ

Eqn. 2.11

where 𝛾 [rad/sT] is the nucleus-specific gyromagnetic ratio, 𝐵6 [T] is the applied magnetic field,
and Δ𝐸 [J] is the energy difference. NMR manipulates these quantized energy levels of specific
nuclei by using radio frequency (RF) waves at the same frequency as the Larmor frequency,
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inducing adsorption (Figure 2.9c) and consequently a temporary redistribution of the thermal
(Boltzmann) equilibrium of energy states. As a result, the net magnetic moment that was
pointing along the +z direction (longitudinal magnetization) (Figure 2.10b) is now transferred
into the x-y plane (transverse magnetization). The rotating magnetic moment inside the RF coil
generates a voltage (Figure 2.10d) that is initially at a maximum amplitude. Over time, due to
internal NMR interactions and the applied field B0, the transverse magnetization decays as the
net magnetic moment returns to the +z direction. This voltage decay curve is displayed as a Free
Induction Decay (FID) (Figure 2.10e), which is Fourier transformed from the time to frequency
domain, generating the final NMR spectrum used for chemical analysis (Figure 2.10e). The shape
and the frequency (i.e., “shift”) of the NMR signal contains information on various internal
interactions experienced by the nuclei in the bulk sample, while the signal intensity reflects
general information about the nuclei type or the experiment settings of the NMR probe (Figure
2.10f).

Figure 2.10 How an NMR signal is generated. Reproduced from [4, Direct link:
https://pubs.acs.org/doi/full/10.1021/acs.chemmater.6b03183] with permission.
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Solid-state NMR spectra are generally broader than solution-state spectra. This is because the
anisotropic (i.e., orientation dependent) effects are fully-observed for nuclei in solid samples,
while the nuclei in solution samples are rapidly and randomly tumbling, effectively averaging
away the anisotropic effects, which yields a narrower NMR signal. The most common strategy to
decrease the broadness of solid-state NMR spectra is to use magic-angle spinning (MAS), which
entails packing the sample into a cylindrical rotor and then spinning the rotor at high rates (~10’s
of kHz) about an axis that is 54.7° relative to the direction of B0. Therefore, MAS is a technique
that can emulate the tumbling motion of nuclei in solution-state provided the spinning rate is
high enough, enabling narrower linewidths and therefore higher resolution spectra.

The shape and shift of the NMR signal captures the spin interactions of the nuclei, which are
categorized into external and internal spin interactions. External spin interactions are purely
magnetic and are generated by the superconducting magnet and RF coil of the NMR spectrometer.
Internal spin interactions, on the other hand, are generated by the magnetic and electric fields
originating within the sample. The main interactions are shown in Figure 2.11 in the order of
relative size. Each are briefly summarized here (See 4.4.2 for details on the relevant NMR
interactions as applied to Al-graphite batteries)

Figure 2.11. Main nuclear spin interactions observable via NMR. Adapted from [45] with
permission.
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The J-coupling interaction is an indirect interaction between two spins via their electrons (Figure
2.11a). It is relatively the weakest interaction and is generally not observed in solid-state NMR.
Next, the chemical shift interaction describes the interaction of electrons with the external
magnetic field B0. It is an intramolecular diamagnetic shielding effect; electrons that surround
each nucleus circulate in an applied magnetic field, whose motions induce a magnetic field that
opposes the externally applied one, causing magnetic shielding of the nucleus. One special case
of the chemical shift interaction is the nucleus-independent chemical shift (NICS), which is
observed for materials with aromatic molecular structures such as hexagonal carbon rings.46
When such structures are placed in an applied magnetic field, aromatic ring currents are
generated due to the motions of delocalized electrons, causing significant chemical shift effects
for spins in close proximity to the ring (Figure 2.12). Specifically, spins that are located above or
below the ring should experience greater shielding because the induced magnetic field opposes
B0, while spins located at the periphery of the ring should experience greater deshielding.

Figure 2.12 The nuclear-independent chemical shift interaction (NICS)
The next larger interaction discussed here is the dipole-dipole coupling, which is a direct
interaction between two nuclear spins and is fundamentally useful for dipolar-coupled
multidimensional NMR experiments (Figure 2.11c). Finally, an interaction that is only applicable
for nuclei with quantum number I > ½ is the quadrupolar coupling interaction (Figure 2.11d).
This is an electric interaction between the nuclear electric quadrupole moment and the local
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electric field gradient (EFG) at the nucleus. It is typically the largest effect and yields structural
information on asymmetrical molecular distortions.

It should be emphasized that the orientation of the nuclear spins relative to the direction of B0
affects the resulting NMR spectra due to slightly different local magnetic fields. In solution
samples where nuclei exhibit rapid molecular tumbling, the orientation effects of the
aforementioned interactions (Figure 2.11) are less significant, and an isotropic shift value can be
determined. In solid samples with rigid lattice sites within randomly-oriented particles, the
molecules that reside in these different sites yield slightly different resonances. This phenomenon
is known as Chemical Shift Anisotropy (CSA), and the resulting spectrum (referred to as a powder
pattern) is the superposition of these resonances (Figure 2.13). Generally, MAS is the most
common strategy to average away the distribution of orientations and yield a narrower signal at
the observed isotopic chemical shift. However, CSA may not be sufficiently reduced if the spin
rate is not fast enough, or if the distribution of crystallite orientations is too large.45 An example
of this breath of orientations is shown by intercalated AlCl4- anions within graphite layers in
Chapter 4.

Figure 2.13 Chemical Shift Anisotropic (CSA) and the resulting “powder pattern”. Reproduced
from [45] with permission.
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2.3.6

Density Functional Theory (DFT)

Computational chemistry is a powerful analytical method that can be used to simulate chemical
structures and properties. In particular, spectroscopic data (e.g., Raman, IR, NMR, etc.) can be
computed theoretically and then compared with experimental results to help interpret
complicated or ambiguous experimental values.47 To compute spectroscopic data for a molecule,
one needs to first compute the electronic structure and energy of the molecule. The electronic
structure is governed by the quantum mechanical Schrödinger equation, generally written as

Ĥ𝜓(𝑟⃗, 𝑡) = 𝑖ℏ𝜓(𝑟⃗, 𝑡)

Eqn. 2.12

where Ĥ is the Hamiltonian operator (i.e., the kinetic + potential energy operator), E is energy
and 𝜓(𝑟⃗, 𝑡) is wavefunction (i.e., a particle state as a function of position and time). In the case of
a single particle (e.g., the single electron in a hydrogen atom) and a time-independent potential,
Eqn. 2.12 can be written as

k−

ℏ$ $
𝑒$
𝛻 −
p 𝜓(𝑟⃗) = 𝐸𝜓(𝑟⃗)
2𝑚7
4𝜋𝜀6 𝑟

Eqn. 2.13
where me is the mass of an electron, ∇ is the Laplace operator, e is the charge of an electron, 𝜀6 is
the permittivity of free space, and r is the position of the electron relative to the nucleus. On the
left hand side, the first term corresponds to the kinetic energy of the electron while the second
term corresponds to the potential energy due to the attractive Coulombic interactions between

28

the electron+nucleus. Eqn. 2.13 can be analytically solved to reveal the atomic orbitals and
energies of the hydrogen atom.

For systems containing more than one particle, the Schrodinger equation cannot be solved
analytically, and numerical techniques are required. For example, applying Eqn. 2.12 to the twoelectron helium atom yields

k−

ℏ$ $
ℏ$ $
𝑒$
𝑒$
𝑒$
𝛻8 −
𝛻$ −
−
+
p 𝜓(𝑟⃗) = 𝐸𝜓(𝑟⃗)
2𝑚7
2𝑚7
4𝜋𝜀6 𝑟8 4𝜋𝜀6 𝑟$ 4𝜋𝜀6 𝑟8$

Eqn. 2.14

where the additional terms (compared to Eqn. 2.13) account for the 2nd electron, as well as a new
electron-electron interaction term (physically, the repulsion between electron 1 and electron 2)
that prevents an analytical solution. The early approach to approximate the solution to Eqn. 2.14
is to rewrite the N-particle wavefunction as a single determinant (i.e., the Slater determinant) of
a set of single-particle wavefunctions. This approach is known as the Hartree-Fock (HF) method,48
which is a self-consistent field (SCF) calculation method, i.e., iteratively guessing and checking
the wavefunctions until they converge to a consistent value. Two major limitations of HartreeFock are (1) that a complete set of single-particle wavefunctions generally cannot be written for
a many-body system and (2) electronic correlation effects (i.e., the coupled movements of anti-

parallel electrons) are not treated.

Alternatively, the N–particle wavefunction can be bypassed using DFT. The strategy of DFT is to
express the total electronic energy in terms of the electron density 𝐸(𝜌) via47
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𝐸(𝜌) = 𝐸(𝜌)9017:04 + 𝐸(𝜌)<=:71:0-> + 𝐸(𝜌)7 ! .7<?>30=1 + 𝐸(𝜌)7*4,-1/7'4=..7>-:0=1

Eqn. 2.15

where the exchange-correlation term captures the non-classical interactions of the electrons and
is the only term that cannot be exactly determined. In 1964, Walter Kohn and Pierre Hohenber
proved a theorem with two key implications: (1) the exact ground state energy is a unique
functional (i.e., E(ρ)) of the density at the ground state and (2) the exact ground state of the system
is determined by the global minimum value of E(ρ) (Figure 2.14Figure 2.14 The Hohenberg-Kohn
Theorem that provided the theoretical basis for DFT. Reproduced from [49]). After establishing
this important relationship between the ground state electronic energy and the global minimum
of the 𝐸(𝜌), subsequent work was centered on how to construct the 𝐸(𝜌)7*4,-1/7'4=..7>-:0=1 term in
a way that was less computationally intensive.47 In 1965, Kohn and Sham devised a mathematical
approach to approximate a real system with interacting electrons as non-interacting particles in
an effective potential using a set of one-electron equations (i.e., Kohn-Sham equations).47

Figure 2.14 The Hohenberg-Kohn Theorem that provided the theoretical basis for DFT.
Reproduced from [49] with permission.
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In 1970, John Pople worked to optimize the computation schemes and released the first version
of the DFT program GAUSSIAN, which remains a popular program to compute electronic
structures of molecules.47 The name “Gaussian” refers to the Gaussian-type orbital basis sets (i.e.,
the mathematical representation of the molecular orbitals) used by the program. Through the
1980s, significant advancements were made in constructing functionals in a form that can be
practically used. For example, Becke et al. developed hybrid functions (e.g., B3LYP) that combine
a DFT functional with a HF term to add electron exchange treatment, which further increased
the accuracy of the 𝐸(𝜌)7*4,-1/7'4=..7>-:0=1 term and therefore the accuracy of 𝐸(𝜌).47 Ultimately,
the ability to calculate the electronic structure accurately enables one to meaningfully compute a
variety of chemical properties. Chapter 4 uses the principles of DFT to estimate the optimized
geometry of intercalated AlCl4- anions and their electronic/magnetic interactions, enabling
computation of NMR parameters.

2.4

Scientific Questions and Research Objectives

Despite the great promises of using aluminum metal as a battery material and demonstrated
high-performance of lab-scale cells, the scientific understanding and technological development
of rechargeable aluminum metal batteries are still in their infancy. In this thesis, the main
scientific questions and research objectives posed are presented in 3 groups:

1. How is graphite structure linked to the various charge/discharge capacities and ratedependent performances that have been recently reported in the literature? What is the
maximum theoretical capacity of Al-graphite batteries, and do different graphites exhibit
different observable capacities? At the fully-charged state, do the graphite layers exhibit
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periodic ordering among vacant layers and layers that are occupied by anions (i.e.,
graphite staging)? If so, what is the maximum stage number achieved? Is ion transport
controlled by diffusion, and how does it vary with cell potential and graphite type? These
questions are explored and addressed in Chapter 3.

2. What are the local environments of intercalated AlCl4- ions in a “real” graphite electrode
(compared to an ideal model)? At a particular cell potential, do all of the intercalated AlCl4ions experience the same chemical environment? How does structural disorder of the
graphite framework affect the AlCl4- ions? Do the intercalated AlCl4- ions exhibit a
tetrahedral or planar geometry? Do ionic mobilities vary with state-of-charge (i.e., extent
of intercalation)? Do metallic aluminum clusters form within the graphite electrode?
These questions are explored and addressed in Chapter 4.

3. Al-graphite batteries have demonstrated the ability to charge and discharge very rapidly
while exhibiting battery-like (instead of typical capacitor-like) behavior, so what accounts
for their fast charge/discharge rate capabilities? What are the underlying charge storage
mechanisms that contribute to the overall current, in terms of Faradaic and capacitive
contributions? Which structural features of graphite or the composite electrode are most
significant in controlling the fast ion transport and low interfacial resistance? Can a mild
ultrasonic exfoliation treatment modify the graphite structure enough to further improve
the high-rate capability? How do the rates of ion diffusion near the graphite-electrolyte
interface vs. diffusion within the bulk graphite layers compare? These questions are
explored and addressed in Chapter 5.
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Effects of Graphite Structure and Ion Transport on the

Electrochemical

Properties

of

Rechargeable

Aluminum–

Graphite Batteries

The figures within and portions of this thesis chapter are reproduced with permission from Xu, J.
H., Turney, D. E., Jadhav, A., Messinger R. J., Effects of Graphite Structure and Ion Transport
on the Electrochemical Properties of Rechargeable Aluminum-Graphite Batteries, ACS Applied
Energy Materials, 2019, 2, 11, 7799-7810. Copyright 2019. American Chemical Society
(Direct link: https://pubs.acs.org/doi/abs/10.1021/acsaem.9b01184)

3.1

Chapter Overview

The relationship between graphite structure and bulk electrochemical properties of Al-graphite
batteries is not well understood. In this chapter, we characterize the structure of natural,
synthetic, and pyrolytic graphites and analyze their electrochemical performance in Al-graphite
cells. Insights into their charge storage mechanisms, rate capabilities, coulombic efficiencies, and
extended cycling stabilities were revealed. Natural graphite exhibited the highest specific
capacity at all potentials and the greatest capacity retention during variable-rate galvanostatic
cycling. The compositions of the intercalated electrodes (i.e., Cx[AlCl4]) were determined
coulometrically and their stage numbers were rationalized using a hard-sphere model. Variablerate CV analyses establish that the rates of electrochemical chloroaluminate (de-)intercalation in
natural and synthetic graphites are effectively reaction-limited at potentials <2.1 V , and neither
strongly diffusion- nor reaction-limited above 2.3 V, differing significantly from the diffusionlimited electrochemical intercalation of lithium cations into graphite. Collectively, the results
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yield new understanding of the relationships between graphite structure, ion transport, and
electrochemical properties in rechargeable aluminum-graphite batteries and are expected to aid
the rational design of graphite electrodes with enhanced electrochemical performance.

3.2

Context and Scope

Despite the rapidly growing body of literature demonstrating the excellent performance of various
positive electrode materials for Al-graphite batteries, the relationships between graphite
structure and bulk electrochemical properties have not been systematically elucidated. Various
graphite-based electrodes have been investigated over the last few years, including pyrolytic2,39,50,
synthetic51, and natural25,52–55 graphite. Subsequent studies, which demonstrated improved ratecapability and specific capacity by optimizing porosity, reducing ion-diffusion length scales, and
enhancing electronic conductivity, include graphitic foams2,28,42, few-layered graphene40,
graphene aerogels36,56 and porous graphite/graphene29,57–59 electrodes. However, only a few indepth direct comparisons have been made among different graphite structures, including the lowcost and minimally processed pristine graphites from which many “advanced” graphites are
derived. For example, Mckerracher et al.50 discussed the effects of porosity and crystallite size in
the context of pyrolytic graphite and carbon paper electrodes, while Zhang et al.40 compared
particle dimensions of graphite and few-layered graphene electrodes. To compare the effect of
particle shape on electrochemical performance, Kravchyk et al.25 modified the shape of graphite
flakes via ultrasonication or knife-milling. Nonetheless, the “optimal” structure for battery
performance is still elusive, particularly when considering the design of the graphite electrodes
from the nanometer to macroscopic scales.
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Here, we study how different graphite structures affect bulk electrochemical and ion transport
properties in rechargeable aluminum-graphite batteries. Cells with aluminum metal negative
electrodes, AlCl3:[EMIm]Cl ionic liquid electrolytes, and natural, synthetic, and pyrolytic
graphite positive electrodes were prepared and electrochemically characterized. Pristine
graphites were characterized by X-ray diffraction (XRD), electron microscopy, X-ray photoelectron
spectroscopy (XPS), and N2 sorption measurements, revealing differences in their structures and
defect concentrations. The cells were subjected to extended and variable-rate galvanostatic
cycling, as well as slow scan-rate (up from 20 µv/s) and variable-rate cyclic voltammetry (CV). The
effects of graphite structure are discussed on the charge storage mechanism, rate capabilities,
coulombic efficiency, and extended cycling stability. Intercalated compositions were determined
coulometrically, while the theoretical capacity and ion staging were analyzed with a hard-sphere
model. Variable-rate CV measurements established quantitatively how ion mass transport affects
reversible chloroaluminate intercalation as a function of potential and graphite type. Long-term
galvanostatic cycling stability is presented and improved galvanostatic cycling protocols are
demonstrated. Overall, this study yields insights into the relationships between graphite
structure, ion transport and electrochemical properties in Al-graphite cells.

3.3

Experimental details

3.3.1

Composite Electrode Fabrication

Pyrolytic graphite foil (MTI, 99.90%) was used as received. Natural graphite flakes (Alfa Aesar,
99.9995%) or KS44 synthetic graphite (TIMREX, 99.94%) was mixed with polyvinylidene fluoride
(PVDF) binder (Sigma Aldrich, average molecular weight 534,000 g/mol) using a mass ratio of
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90:10 and dissolved in N-methyl-2-pyrrolidone (NMP) solvent (1 mL solvent/100 mg powder). The
slurry was stirred for 10 min and agitated with a vortex mixer for 30 s, and then cast on a
molybdenum (Mo) foil current collector (20 µm thick foil) using a doctor-blade film coater (MTI).
The electrode was vacuum dried at 120°C for 10 h to evaporate the NMP solvent. The final
thickness and areal mass loading of the electrode material were ~100 µm and 5 mg/cm2,
respectively. Electrode resistivity and conductivity were measured using a 4-point probe.
Electrode porosity was calculated by comparing the measured and theoretical density of graphite
(See 3.6.1).

3.3.2

Cell assembly

Polytetrafluorethylene (PTFE) Swagelok unions with 1/4-in diameters (no. T-810-6) were used to
fabricate airtight cells. The aluminum foil negative electrode (MTI, 99.99%, 0.1 mm thick), glass
fiber separator (Whatman brand, GF/D), AlCl3:[EMIm]Cl electrolyte (1.5:1 molar ratio, Iolitec, 30
µL), and the graphite positive electrode were placed in the middle of the Swagelok union and
compressed by Mo current collector rods (Figure 2.5). Battery assembly was performed in an
argon-filled glovebox (<1 ppm H2O and O2). Excess electrolyte was used and the total quantity of
AlCl4- anions in the electrolyte did not limit cell capacity.

3.3.3

Electrochemical Measurements

Galvanostatic cycling and cyclic voltammetry (CV) were performed with an Arbin LBT battery
tester and Metrohm Autolab PGSTAT302N potentiostat, respectively. All measurements were
performed under ambient temperature. All specific capacities are reported per mass of graphite.
Typical open circuit potentials for the Al-graphite cells with AlCl3:[EMIm]Cl electrolyte were ca.
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1.65 V. For galvanostatic measurements, upper and lower voltage cut-off limits of 2.45 V and 0.50
V were used, respectively. For each CV scan, the cell voltage was first increased to 2.45 V,
decreased to 1.00 V, and then increased to the original open circuit potential.

3.3.4

X-ray Diffraction

An X’Pert powder X-ray diffractometer (XRD) equipped with a Cu K-α radiation source (λ =0.154
nm) was used to measure periodic structural ordering of the graphites. A scan rate of 0.5 (°2θ/min)
was used to scan a 2θ range of 20°- 60°.

3.3.5

X-ray Photoelectron Spectroscopy

A PHI Versaprobe II X-ray photoelectron spectrometer with Al Kα X-rays (hν = 1,486.6 eV, spot
size = 200 µm, 45° measuring angle) was used to analyze the composition of graphite surfaces.
The source voltage and emission current were 15 kV and 4 mA, respectively. Adventitious carbon
was removed from the samples via Ar+ irradiation for 10 min at 1 keV. Deconvolution of the C1s
spectrum was performed with PHI MultiPak software using a Shirley background subtraction.

3.3.6

Electron Microscopy

A Zeiss Supra VP 55 scanning electron microscope (SEM) was used to image the microstructure
of the graphite electrodes. ImageJ software was used to measure average particle sizes. A FEI
Titan Themis 200 kV transmission electron microscope (TEM) was used to probe the nanoscale
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structures of pristine graphites. Graphite samples were dispersed in ethanol, transferred to a
TedPella lacey carbon 400 mesh grid, and then vacuum dried at 60 °C for 2 h.

3.3.7

Nitrogen Sorption

N2 sorption measurements were used to measure the specific surface area of pristine graphites.
Samples were degassed at 150°C for 12 h. For NG and SG, adsorption/desorption isotherms were
obtained using a Micromeritics ASAP 2020. For PG, the surface area was estimated using a
Quantachrome ChemBET Pulsar via single-point Brunauer-Emmett-Teller (BET) analysis at 0.3
P/P0, which was more suitable due to its low specific surface area.

3.4

Results and discussion

3.4.1

Structural Characterization of Graphite Electrodes

Different sources and manufacturing methods of graphite yield varying structures and properties,
which influence their electrochemical performance in aluminum-graphite batteries (Table 3.1).
Natural graphite (NG) is extracted from metaphoric rock and then purified via thermal or
chemical treatments60. Natural graphite is classified into three types (e.g., flake, vein and
amorphous) depending on the geologic environment from which they are mined. Natural flake
graphite, the most common type, is obtained as highly-crystalline, discrete flakes ranging from
50-800 µm in diameter and 1-150 µm thick61. Synthetic graphite (SG) is manufactured via hightemperature processing (typically >2000°C) of amorphous carbon materials (e.g., petrochemical
coke), which allows them to develop long-range ordering and large crystallite dimensions (c-axis
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stacking)62. Pyrolytic graphite (PG) foil is typically manufactured by high-temperature pyrolysis
of a polyimide precursor63 or a carbonaceous gas (e.g. acetylene)60.

Table 3.1 Physical properties of pristine graphites and composite graphite electrodes.
Natural graphite

Synthetic graphite

Pyrolytic graphite

Pristine Material
Avg. particle size (μm)

16.5 ± 11.3

9.8 ± 7.0

27.3 ± 5.2

Bulk density (g/cm³)

2.1

1.9

2.1

Morphology

Flake-like

Particle-like

Lamellar Sheets

Production method

Mining of
metaphoric rock

High-temp. treatment of
amorphous carbon

Pyrolysis of polymeric
precursors

BET specific surface area
(m2/g)

4.4

9.3

1.0

Avg. crystallite height, c-axis
(nm)

90-110

> 100

10-15

Composite Electrode
Thickness (μm)

100

100

17

Porosity (%)

40

50

20

Conductivity (S/m)

660

450

5500

To characterize structural differences among these graphite types, the pristine materials were
analyzed using XRD, XPS, TEM, SEM, and N2 sorption measurements. XRD patterns (Figure 3.1)
of each type of graphite reveals similar (002) reflections associated with long-range ordering of
the graphite layers. NG and SG exhibited identical interlayer d-spacings (3.38 Å), while PG had
a slightly smaller d-spacing (3.36 Å). NG and SG exhibited broader (002) reflections and minor
(101) peaks were also present, likely due to larger distributions of particle and crystal
orientations64 and/or higher c-axis crystallite dimensions (Lc)65 compared to PG. Lc for each
graphite was estimated from literature to be lowest for PG (10-15 nm, depending on pyrolysis
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temperature)66 and significantly higher for NG (90-110 nm, depending on particle-size fraction)65
and SG (>100 nm)62.

Figure 3.1 X-Ray diffraction (XRD) patterns for pristine (a) natural graphite (NG), (b) synthetic
graphite (SG) and (c) pyrolytic graphite (PG).67

XPS measurements (Figure 3.2) were conducted on pristine NG, SG and PG to quantify the sp2
and sp3 carbon content as well as any oxygen defects on the graphite surfaces. Deconvolution of
the C1s photoelectron spectrum revealed two main peaks: (i) an asymmetric component centered
at 284.0 ± 0.1 eV attributed to sp2 carbons and characteristic of well-ordered graphite, and (ii) a
symmetric component (>90% Gaussian) centered at 285.0 ± 0.1 eV attributed to sp3 carbons
associated with dangling, terminal C-C bonds at edge sites or other defects.68 For all graphite
types, the integrated C1s signal areas establish that approximately 85% of the carbon is sp2
coordinated (Table 3.2), indicating high crystallinity69. For NG and PG, the XPS survey spectra
did not reveal any oxygen impurities. For SG, an O1s signal was observed at 532.7 eV, which
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accounted for ~6% of the combined integrated area of the C1s and O1s signals. This O1s signal is
likely associated with C=O and/or O–C=O states70 at edge sites of the SG particles.
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Figure 3.2 X-ray photoelectron (XPS) survey and deconvoluted C 1s spectra of pristine (a,b)
natural graphite, (c,d) synthetic graphite (inset: fitted O 1s region), and (e,f) pyrolytic graphite.67
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Table 3.2 Concentrations of carbon and oxygen states via deconvolution of XPS C1s signals.
Graphite Type

Atomic %
C sp2
(284.0 ± 0.1 eV)

C sp3
(285.0 ± 0.1 eV)

Natural

85.2

Synthetic
Pyrolytic

Chi-Squared (χ2)

14.8

C=O & OC=O
(289.9 eV)
-

1.95

84.3

9.0

6.7

5.37

83.9

16.1

-

2.38

SEM measurements were conducted to compare the morphology and particle dimensions of the
composite electrodes (Figure 3.3). NG exhibited flake-like morphologies with average dimensions
of 16.5 ± 11.3 µm, while SG was particle-like with average sizes of 9.8 ± 7.0 µm. PG was composed
of lamellar sheets with average lamellar dimensions of 27.3 ± 5.2 µm. HR-TEM measurements
(Figure 3.4) further revealed the highly ordered nanoscale structures of all graphites. NG and SG
exhibited high extents of periodic ordering along both the c-axis and ab-planes, while PG exhibited
nanocrystalline domains with lesser extents of periodic ordering.
Natural Graphite

a

(Composite Electrode)

20 μm

20 μm

Pyroly�c Graphite
(Surface)

b

Synthe�c Graphite

(Composite Electrode)

c

d

Pyroly�c Graphite
(Cross-sec�on)

20 μm

20 μm

Figure 3.3 Scanning electron microscopy (SEM) images of a (a) natural graphite composite
electrode, (b) synthetic graphite composite electrode, and (c,d) pristine pyrolytic graphite foil.
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Figure 3.4 High-resolution transmission electron microscopy (HR-TEM) images showing the
highly-ordered nanoscale structures of pristine (a,b) natural graphite, (c,d) synthetic graphite,
and (e,f) pyrolytic graphite.
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Finally, N2 sorption experiments (Figure A3.1) established low specific surface areas for all
graphite types, resulting in BET surface areas of 4.4, 9.3, and 1.0 m2/g for NG, SG, and PG,
respectively. As expected, the surface areas of these graphites are significantly less than those of
the porous carbons (~1000 m2/g) typically used for supercapacitor applications27,29,71.

3.4.2

Determination of Galvanostatic Cycling Performance

Device-scale galvanostatic cycling of Al-graphite cells with natural, synthetic, and pyrolytic
graphite electrodes revealed varying capacities and lengths of voltage plateaus due to differences
in graphite structure (Figure 3.5). The specific discharge capacities of NG, SG and PG electrodes
were 115, 80 and 66 mAh/g, respectively (Table 3.3), at 60 mA/g (0.30 mA/cm2). All graphites
exhibited a discharge voltage plateau at ~2.2 V that accounted for 40%, 25%, and 50% of the
discharge capacity of NG, SG, and PG, respectively, as well as a lower-voltage plateau at ~1.8 V.
NG exhibited the greatest specific discharge capacity at all voltages compared to SG and PG, as
well as the highest specific discharge energy (determined by integrating the area under the
voltage-capacity discharge curve), which can be partly attributed to the flake-like structure and
larger lateral dimensions in the ab-crystallographic plane40 of natural graphite. For PG, covalent
bonds among crystallites,72 and possibly between graphene layers,2 may impede interlayer
expansion and explain its lower capacity.
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Figure 3.5 Galvanostatic cycling (60 mA/g) of Al-graphite batteries using natural, synthetic, and
pyrolytic graphite electrodes. The 5th cycle is shown.

Table 3.3 Galvanostatic discharge properties of Al-graphite cells using different pristine graphites and
AlCl3:[EMIm]Cl electrolyte (molar ratio 1.5:1)
Natural (NG)

Synthetic (SG)

Pyrolytic (PG)

Discharge Capacity (mAh/g)
@ 60 mA/g

115

80

66

Discharge Capacity (mAh/g)
> 2.2 V @ 60 mA/g

45

20

30

Discharge Cap. Retention (%)
@ 960 mA/g

55

43
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During cell charging, NG, SG and PG cells exhibited specific charge capacities of 126, 105 and 72
mAh/g, respectively, on the 5th cycle (Figure 3.5). Varying coulombic efficiencies and their possible
origins are discussed in the variable-rate galvanostatic cycling analyses later. The high-voltage
plateau at ~2.3 V begins at approximately 56%, 52% and 42% of the total charge capacity for NG,
SG and PG, respectively, reflecting the different extents of periodic and ordered chloroaluminate
intercalation during the charge process. Note that capacity associated with surface effects, such
double-layer capacitive charging and electrochemical reactions of adsorbed species, are negligible
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for the graphites due to their low specific surface areas. In fact, the BET specific surface areas
are estimated to be ~1% or less of the available interlayer area (See 3.5.3), establishing that the
achieved capacity is dominated by electrochemical intercalation of chloroaluminate anions into
the graphite interlayers, as opposed to surface phenomena (e.g., double-layer capacitance or
electrochemical reaction of adsorbed species).

Galvanostatic cycling was performed at rates from 60 mA/g to 3840 mA/g (Figure 3.6) to further
study the rate-dependence of voltage profiles, capacities, and coulombic efficiencies of the Algraphite cells. Capacities decreased when the current densities increased, as expected, because
the diffusive penetration depth of chloroaluminate anions within the graphite layers was limited
over the available intercalation/deintercalation time and thus full capacity was not achievable.
NG has the highest capacity retention at all rates. Discharge capacity retention at 240 mA/g was
93%, 75%, and 85% for NG, SG, and PG, respectively, and 55%, 41%, and 42% at 960 mA/g (Table
3.3). At 960 mA/g, NG retained a small portion of its high-voltage discharge plateau at 2.25 V
(~10 mAh/g), while this plateau vanished for SG and PG. At the maximum cycling rate tested
(3840 mA/g), both NG and SG retained 20% of its initial discharge capacity, while PG only
retained 4%. The greater capacity retention of NG and SG at higher current densities, compared
to PG, are corroborated by reduced ion diffusion limitations, as measured in the variable-rate CV
analyses discussed above. The poorer rate performance of PG, compared to NG and SG, may also
be due to additional mass transfer resistances associated with diffusion across nano-crystalline
grain boundaries, which are observed in HR-TEM (Figure 3.4). Both electrochemical cycling
techniques thus provide complementary quantitative comparisons of how mass transport affects
the rate of electrochemical intercalation of chloroaluminate species among the three graphite
types, which correlate with their rate performance.
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For all graphites, the coulombic efficiency increased when the rates increased, as the irreversible
electrochemical reactions (e.g., electrolyte reactions39) were kinetically suppressed. For example,
the coulombic efficiency was 98.9%, 96.1%, and 98.2% for NG, SG, and PG at 240 mA/g, and 99.9%,
99.8%, and 99.3% at 960 mA/g. These results highlight that the reversible electrochemical
intercalation of chloroaluminates into graphite is a more rapid process compared to the
irreversible electrochemical processes that degrade battery performance. When the current
density was returned to 60 mA/g after the 125th cycle, the capacity increased and the coulombic
efficiency decreased to their previous values, which indicated that cycling stability was
maintained even after subjecting the graphites to rapid (de-)intercalation of molecular
chloroaluminate anions.
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Figure 3.6 Variable-rate galvanostatic cycling curves, capacities, and coulombic efficiencies at
rates from 60 mA/g to 3840 mA/g for aluminum-graphite cells with (a,b) natural graphite (c,d)
synthetic graphite and (e,f) pyrolytic graphite electrodes.

Extended galvanostatic cycling (60 mA/g) demonstrated varying degrees of electrochemical
irreversibility that contributed to capacity fade among NG, SG, and PG (Figure 3.7). For the 1st
cycle, elevated charge capacity and low coulombic efficiency (~70%) were observed for all
graphites. This effect is attributed to a combination of electrolyte degradation reactions as well
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as ion trapping, both of which are more pronounced during the first cycle. By the 5th cycle, the
main discharge plateaus are longer and flatter (Figure 3.7a,c,e).
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Figure 3.7 Long-term galvanostatic cycling (60 mA/g) and the resulting capacities and coulombic
efficiencies of rechargeable aluminum-graphite batteries with (a,b) natural graphite, (c,d)
synthetic graphite, and (e,f) pyrolytic graphite electrodes.
The graphites showed different extents of capacity fade and changes in coulombic efficiency. NG,
SG, and PG exhibited a 10%, 22%, and 2% discharge capacity fade (compared to the maximum
discharge capacity) over 140 cycles, respectively (Figure 3.7b,d,f). SG exhibited the greatest
discharge capacity fade, likely due to its higher surface area and thus greater concentration of
edge sites. Furthermore, SG’s oxygen content (~6 atomic %) (XPS, Figure 3.2) suggests a higher
concentration of dangling carbon bonds at the edge sites70, which are more reactive and thus more
likely to catalyze irreversible decomposition reactions. Interestingly, the coulombic efficiency of
SG increased from 80% on cycle 2 to 98% at cycle 100, although accompanied by a shortened
discharge plateau at 2.2 V. This effect may be partly attributed to two effects: (i) in situ graphite
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exfoliation73 during cycling, due the mechanical stress associated with repeated (de-)intercalation
of the chloroaluminate anions, and (ii) reduced magnitude of any graphite chlorination reactions,
which have been reported to occur and may be more prevalent at reactive edge sites.74,75 NG, in
contrast, did not exhibit this increase in coulombic efficiency. PG maintained stable voltage
profiles and capacity (Figure 3.7e) as well as coulombic efficiency (98.0%) (Figure 3.7f).

To evaluate the extent of anion trapping and electrolyte degradation reactions occurring near
2.45 V, a separate set of galvanostatic cycling experiments were conducted where a reduced upper
voltage limit (2.30 V, as opposed to 2.45 V) was used for the first 20 cycles of galvanostatic cycling.
The initial coulombic efficiency was significantly higher (~88%) and rapidly increased to ~98% by
the 20th cycle for all types of graphite. NG and SG did not exhibit charge/discharge plateaus at
2.3 V/2.1 V corresponding to high-density intercalation/de-intercalation, while PG still achieved
a portion of its typical high-voltage charge and discharge plateaus (Figure A3.2). Beyond the first
20 galvanostatic cycles, the voltage limit was increased to 2.45 V. Immediately thereafter, the
coulombic efficiency dropped slightly for PG and more significantly for NG and SG. This behavior
may be due to ion trapping and/or electrolyte degradation. If ion trapping is indeed occurring,
then it occurs when chloroaluminate anions intercalate during the higher-voltage charge plateaus,
as seen in the galvanostatic profiles (Figure 3.8, A3.3c-d) and the corresponding dQ/dV peak
(Figure 3.8, A3.3e-f). Another benefit observed from initially using a 2.30 V upper voltage limit
was the improved discharge capacity and cycling stability, even for subsequent cycles that used
a 2.45 V voltage cutoff. For example, after 140 cycles, the capacity fade was negligible for NG and
only 13% for SG.
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Figure 3.8 Improved performance of Al-natural graphite cell was achieved by using a reduced
upper voltage limit of 2.30 V for the initial 20 cycles, then raising it to 2.45 V. (a) Galvanostatic
cycling, (b) cyclic voltammetry, and (c) differential capacity (dQ/dV).
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3.4.3

Coulometric Estimation of the Maximum Theoretical Composition of the AlCl4-

Graphite Compounds

Coulomb-counting of the electrons passed during a full discharge yields the average compositions
of the intercalated graphite electrodes (Cx[AlCl4]), which vary with graphite type. The average
composition of an intercalated graphite electrode can be calculated from the discharge capacity
per mass of graphite (mAh/g). For example, for NG electrodes, one full discharge yields a capacity
of 115 mAh/g, or in terms of number AlCl4- anions:

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐴𝑙𝐶𝑙(' 𝑎𝑛𝑖𝑜𝑛𝑠 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑟𝑒𝑑 𝑑𝑢𝑟𝑖𝑛𝑔 𝑜𝑛𝑒 𝑓𝑢𝑙𝑙 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 =
115 𝑚𝐴ℎ
1 𝑚𝑜𝑙 𝑒 '
1 𝑚𝑜𝑙 𝐴𝑙𝐶𝑙(' 6.022 ∗ 10$% 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑜𝑓 𝐴𝑙𝐶𝑙('
w
yw
yw
yk
p
𝑔 𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒 26800 𝑚𝐴ℎ
1 𝑚𝑜𝑙 𝑒 '
1 𝑚𝑜𝑙
=

2.59 ∗ 10$8 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑜𝑓 𝐴𝑙𝐶𝑙('
𝑔 𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒

The above result can be used to calculate the average composition of the fully-intercalated
electrode:
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎 𝑓𝑢𝑙𝑙𝑦 − 𝑖𝑛𝑡𝑒𝑟𝑐𝑎𝑙𝑎𝑡𝑒𝑑 𝑁𝐺 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 =
2.59 ∗ 10$8 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑜𝑓 𝐴𝑙𝐶𝑙(' 1.995 ∗ 10'$% 𝑔 𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒
k
pk
p
𝑔 𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒
1 𝑎𝑡𝑜𝑚 𝑜𝑓 𝐶
=

0.0517 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑜𝑓 𝐴𝑙𝐶𝑙(' 1 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 𝑜𝑓 𝐴𝑙𝐶𝑙('
≈
1 𝑎𝑡𝑜𝑚 𝑜𝑓 𝐶
19 𝑎𝑡𝑜𝑚𝑠 𝑜𝑓 𝐶

Thus, the fully intercalated NG electrode has 1 AlCl4- anions for every 19 C atoms, yielding an
average composition of C19[AlCl4]. This result is similar to a comparable NG system studied by
Elia et al.55, who computed C20[AlCl4]. Performing the same calculation for SG and PG yields
average compositions of C28[AlCl4] and C34[AlCl4], respectively.
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The experimental capacity of the first charge of the natural graphite electrode is 160 mAh/g,
which is higher than the discharge capacity of 115 mAh/g, likely due to a combination of
irreversible electrochemical side reactions (e.g., electrolyte degradation) and intercalated AlCl4ions that become “trapped”, i.e., unable to de-intercalate. It is informative to compute the average
composition of the fully-charged NG electrode assuming that the additional 45 mAh/g observed
on the first charge is due solely to trapped ions, which yields C14[AlCl4]. The actual average
composition of the fully-charged natural graphite is thus somewhere between C19[AlCl4]
(neglecting ion trapping) and C14[AlCl4].

This geometric model can also be used to estimate the maximum theoretical capacity of graphite.
We first estimate the theoretical capacity of stage 1 intercalated graphite assuming the AlCl4ions to be rigid, non-interacting spheres (ionic diameter = 5.28 Å)76 and maximum 2D hexagonal
packing of circles (packing fraction of 0.907). The ratio of the cross-sectional area of AlCl4- anions
to the area of the graphene unit cell is:

𝑅𝑎𝑡𝑖𝑜 𝑜𝑓 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝐴𝑙𝐶𝑙(' 𝑡𝑜 𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 =
𝐴𝑟𝑒𝑎 𝑜𝑓 𝐴𝑙𝐶𝑙(' / 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 𝑎𝑟𝑒𝑎 0.219 𝑛𝑚$ / 0.907
𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝐴𝑙𝐶𝑙('
=
=
4.64
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙
0.0524 𝑛𝑚$
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙
Thus, 4.64 graphene unit cells thus comprise the effective area (corrected for packing effects) of 1
AlCl4- ion. Since each graphene unit cell has 2 carbon atoms, the maximum AlCl4- concentration
is C9.3[AlCl4]. Under these assumptions, the theoretical capacity can be computed:
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y
k
p…
9.3 𝑎𝑡𝑜𝑚 𝑜𝑓 𝐶
1.995 ∗ 10'$% 𝑔 𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒 6.022 ∗ 10$% 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑜𝑓 𝐴𝑙𝐶𝑙('
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26800 𝑚𝐴ℎ
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…k
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' pw
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1 𝑚𝑜𝑙 𝐴𝑙𝐶𝑙(
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𝑔 𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒
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The actual shape, dimensions and packing density of AlCl4- ions within the graphite layers will
depend strongly upon molecular-level interactions between the AlCl4- ions and bounding
graphene layers, as well as among the AlCl4- ions themselves. Density functional theory (DFT)
electronic structure calculations may yield more accurate results. However, the current literature
indicates that a range of interlayer packing densities may be stable at different cell voltages. For
example, using DFT methods, Gao et al.77 found that packing 1 AlCl4- ion per 2x2 or 3x3 repetition
of the graphene unit cell yielded formation energies within 0.01 eV of each other, but that
generally, higher interlayer packing densities are more energetically favorable than dilute ones
(e.g., compared to 1 AlCl4- ion per 4x4 repetition, or even more dilute). Considering only the single
graphene layer that hosts the AlCl4- ion, the 2x2 and 3x3 configurations correspond to
compositions of C8[AlCl4] and C18[AlCl4], respectively, which would result in theoretical capacities
of 279 and 124 mAh/g, respectively. Thus, current DFT methods indicate that high interlayer
packing densities are favorable and that a range of interlayer compositions may be possible.

3.4.4

Potential-dependent Electrochemical Behavior

Cyclic voltammetry was performed on Al-graphite cells to elucidate further insights into the
electrochemical differences among the graphite types (Figure 3.9). A slow CV scan rate (20 µV/s)
was used to reduce diffusion limitations and to obtain high-resolution voltammograms.78 Both the
1st scan (red, dashed traces) and 3rd scan (black, solid traces) are shown, as well as the background
signal from a Mo/electrolyte/Mo cell (Figure 3.9a, dashed black trace). 3rd scan CVs, which capture
electrochemical processes that occur beyond the initial cycle, are discussed first and then
compared to the 1st scan.

The CV peaks show potential-specific reactions associated with the electrochemical intercalation
of chloroaluminate anions, which correspond to different stages of intercalation2,39,42,74,79,80.
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Staging refers to the periodic ordering by which ions intercalate within the graphite interlayers;

2.16

0.04
1.83

Current (A/g)

0.06

2.03

1st CV Scan
3rd CV Scan
Background (Mo/Electrolyte/Mo)

0.08

0.02
0.00

Current (A/g)

1.63

-0.02

1.84

aa

2.36

a stage number n is the average number of graphene layers between intercalated layers.

-0.06

b

0.08

2.20

-0.04

Natural Graphite
1.0

1.25

1.5

1.75

2.0

2.25

1st CV Scan
3rd
3rdCV
CVScan
Scan

c 0.12

2.01

1.0

1.25

2.16

1.5

1.75

2.0

2.25

1st CV Scan
3rd CV Scan

0.10

2.31

2.12

2.18

1.69

Synthetic Graphite

2.5

2. 35

-0.04

1.82

-0.02

1.69

0.00

.5

1.85

b=0

0.04

Current (A/g)

Current (A/g)

0.06

0.02

2.5

0.06

0.00

2.12

2.01

Pyrolytic Graphite
1.0

1.25

2.16

-0.06

1.82

-0.02
-0.04

1.93

1.68
1.73

0.02

1. 86

0.04
1.68
1.67

Current (A/g)

0.08

1.5

1.75

2.0

2.25

2.5

Voltage (V vs. Al)

Figure 3.9 Representative cyclic voltammograms (20 µV/s) for aluminum batteries with (a)
natural, (b) synthetic, and (c) pyrolytic graphite electrodes. A CV of a Mo-Mo symmetric cell is
displayed in (a), showing the weak background associated with bare Mo current collectors.
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As the CV is further scanned up to 2.45 V, a sharp increase of oxidative current occurs that is
associated with irreversible electrochemical reactions, e.g., electrolyte decomposition. Specifically,
the electrochemical oxidation of AlCl4- to form Al2Cl7- and Cl2 gas81, along with possible
chlorination of the graphite to form C-Cl bonds at edge sites, defects, and/or particle surfaces29,39,
may be occurring. Among the different graphites, SG exhibited the strongest oxidative current at
2.45 V (Figure 3.9). The greater current associated with irreversible reactions is likely due to SG’s
higher oxygen content as well as its higher specific surface area and consequently greater
concentrations of edge sites, which are more reactive than basal plane sites.82 PG exhibited the
lowest extents of decomposition reactions at 2.45 V, likely due to its low specific surface area and
stacked lamellar sheets morphology, which reduces active site utilization83 and therefore surface
reactivity.

Upon reversal of the CV direction to discharge the cell, the major reduction peak occurring at ~2.2
V corresponds to anion de-intercalation. Further scanning yields lower potential redox peaks at
~1.80 V and at ~1.60 V, which correspond to more dilute, less coordinated staging of anions
(increasing stage numbers n) within the graphite. The reduction peaks occur at a lower potential,
compared to the corresponding oxidation peaks. Analysis of the potential difference between the
=*
.7@
oxidation and reduction peaks (𝛥𝐸<7-9 = 𝐸<7-9
− 𝐸<7-9
) revealed that all coupled redox processes

were of a quasi-reversible nature43. For the higher potential (~2.3 V/~2.15 V) couple, 𝛥𝐸<7-9 was
160, 150, and 190 mV for NG, SG, and PG, respectively. The large separation between these
coupled peaks suggests hysteresis in the equilibrium voltage and/or a large activation
overpotential43,84. Lower potential coupled peaks observed in all three graphite types were 1.84
V/2.03 V (NG), 1.82 V/2.01 V (SG) and 1.82 V/2.01 V (PG), which all had an even greater 𝛥𝐸<7-9
(~200 mV), indicative of the large voltage-hysteresis between the intercalation/de-intercalation
processes. This larger peak separation suggests that broader distributions of intercalation stage
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transitions31,42 occur in this voltage range, which is consistent with the highly-sloping charge
(~2.0 V) and discharge (~1.8 V) plateaus observed in the galvanostatic cycling curve.

Other interesting electrochemical differences among the graphites were revealed by CV. For
example, the integrated CV area in the 1.80 V-2.25 V range relative to the area of the entire
voltammogram was greatest for NG, then lower for SG, and lowest for PG. This observation
suggests that structural features of NG results in facile dilute-stage intercalation. Note that NG
exhibits sharper, better defined CV peaks than SG in this region, which suggests that NG exhibits
more uniform intercalation environments79. Similarly, PG also exhibited fewer discrete lower
potential peaks associated with dilute staging, possibly due to its smaller crystallite domains
(Figure 3.4). Consequently, for PG, the current response of the high potential oxidation peak at
2.3 V is ~1 order-of-magnitude larger than the other low-intensity peaks. Thus, electrochemical
intercalation of chloroaluminate anions occur only once the potential is high enough, resulting in
a greater current density because the graphite interlayers were relatively vacant before the
higher cell potential was established.

Differences between the 1st (initial) and 3rd (steady-state) CVs reveal insights on the structural
changes associated with “initializing” the electrode for reversible chloroaluminate intercalation,
a process which requires intercalating ions to overcome the cohesive van der Waals forces between
adjacent graphite layers.85 Overlays of the 1st and subsequent voltammograms (Figure 3.9)
showed that the oxidative peaks of the 1st CV scan (red) are more intense and broader than those
in the subsequent cathodic scan (black). This observation can be attributed to the higher
activation barrier for the electroactive species to initially penetrate the unopened graphite
interlayers. For NG and SG, the oxidation peaks of the initial CV scan at ~1.9 V, ~2.1 V and ~2.4
V shifted to lower voltages (by ~0.5-1.0 V) in the 3rd scan, which also decreased 𝛥𝐸<7-9 . The shift
to lower voltages upon intercalation suggests increased electrochemical reversibility (e.g.,
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enhanced mass transfer and/or more facile electron transfer) after the 1st scan. Also, for PG, the
initial oxidation peak observed at 1.86 V corresponding to the onset of ordered staging
disappeared in subsequent CV scans due to significant ion trapping2,39, which indicates
incomplete reversal of intercalation staging during cell discharge.

3.4.5

Quantifying Ionic Transport Limitations to Chloroaluminate Intercalation

Variable-rate CVs (at 20, 70, 200, 700 and 2000 µV/s) were conducted and analyzed to understand
how mass transfer affects the rate of chloroaluminate electrochemical intercalation. Diffusionlimited and reaction-limited electrochemical processes can be quantitatively distinguished by
analyzing how the peak current scales with scan rate in variable-rate cyclic voltammograms84,86.
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Figure 3.10 Variable scan-rate cyclic voltammograms (CVs) of representative Al-graphite cells
with (a-e) natural graphite, (f-j) synthetic graphite, and (k-p) pyrolytic graphite at scan rates
ranging from 20 µV/s to 2 mV/s.
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The peak current ip typically obeys a power-law relationship87 with the sweep rate v according to

𝑖< = 𝑎𝑣 A

Eqn. 3.1
The exponential scaling term b can be determined by fitting the linearized expression:

𝑙𝑛…𝑖< † = 𝑏 ∗ 𝑙𝑛(𝑣) + 𝑙𝑛 (𝑎)

Eqn. 3.2
In a completely diffusion-limited regime, the current is proportional to the square-root of the scan
rate (𝑖< ~𝑣 6.C ). For intercalation electrodes, diffusion-limited currents are typically associated with
the solid-state diffusion of ions within the host structure, which is assumed to be rate limiting.
Physically, any ions occupying intercalation sites at the interface must first diffuse into the host
structure for such sites to once again become available for electrochemical intercalation, the
process that generates current. Note that this solid-state diffusion process is much slower
compared to the diffusive transport of ions to the electrode surface from the bulk electrolyte
solution.
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Figure 3.11 Variable-rate cyclic voltammograms performed on an Al-natural graphite battery at
scan rates of (a) 20 µV/s (b) 200 µV/s and (c) 2,000 µV/s. Coupled charge (oxidation) peaks and
discharge (reduction) peaks are labeled A-C and A’-C’, respectively. Note that A (A’) peaks were
not observed for PG. (d) Peak current (ip) vs. scan rate (v), fit to a power-law model. (e)
Exponential scaling term (b-value) for the oxidation and (f) reduction peaks as a function of
potential for all graphite types. Measurements were performed on three different cells for each
graphite type; uncertainty bars represent the standard deviation about the mean value.
Conversely, when the current scales linearly with the scan rate (𝑖< ~𝑣 8 ), such electrochemical
processes are not diffusion-limited. For example, faradaic electrochemical reactions of adsorbed
species on the electrode surface are effectively reaction-limited and consequently exhibit linear
scaling relationships43. Non-faradaic capacitive charging of the electrical double layer can also
exhibit similar linear scaling behavior43. Here, due to the low specific surface areas of the
graphites tested, the current is dominated by electrochemical intercalation and any surface
effects are considered negligible. Any deviations from a square-root scaling thus implies that the
intercalation process is simply not diffusion-limited.
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Indeed, Levi and Aurbach84 observed two distinct regimes for lithium-ion intercalation into thinfilm graphite electrodes when analyzing variable-rate CVs; (i) a well-defined linear regime (𝑖< ~𝑣 8 )
at very slow scan rates ( ≤ 15 µV/s) due to the quasi-steady-state, non-diffusion-controlled
accumulation of lithium ions within the graphitic electrodes, and (ii) a well-defined diffusionlimited region (𝑖< ~𝑣 6.C ) at faster scan rates (≥ 15 µV/s) associated with semi-infinite solid-state
diffusion of lithium-ions within the graphite layers. Thus, variable-rate CV analyses of Algraphite cells establish markedly different behavior for chloroaluminate anion intercalation into
graphite, compared to lithium cation intercalation.

The exponential scaling relationships vary significantly as a function of potential and among
graphite types, establishing unambiguously that ion intercalation associated with different
potentials and graphite structure influence the mass transport regime. The CVs were acquired
from low to high scan rates; the 3rd scans are shown and analyzed. The current of coupled
oxidation (reduction) peaks at approximately 1.8 (1.6) V, 2.0 (1.8) V, and 2.3 (2.2) V (respectively
labeled A (A’), B (B’), and C (C’)) were analyzed as a function of scan rate according to Eqn. 3.2,
which yielded linear relationships (R2>0.97) between ln(𝑖< ) and ln(𝜈) (Figure 3.11d for NG, Figure
A3.3 for all graphite types). The exponential scaling term (b-value) for oxidation (charge) and
reduction (discharge) peaks for all graphite types are shown in Figure 3.11e and Figure 3.11f,
respectively. Notably, for natural and synthetic graphite, lower-voltage peaks associated with
more dilute stage intercalation exhibited scaling relationships of approximately 𝑖< ~𝑣 6.D ; for
example, NG and SG respectively had mean b-values of 0.90 (0.86) and 0.93 (0.93) for A (A’) peaks
and values of 0.87 (0.85) and 0.93 (0.93) for B (B’) peaks. Thus, the electrochemical intercalation
of molecular chloroaluminate anions into graphite is not diffusion-limited at these potentials, but
rather is effectively reaction-limited. Subsequent oxidation (charging) to >2.3 V, which results in
electrochemical intercalation to the densest ion staging achievable at room temperature, is a
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process more diffusion-limited in character. Reduction (discharging) to <2.1 V results in
electrochemical de-intercalation processes with similar extents of transport limitations. For
example, NG and SG exhibited mean b-values of 0.66 (0.72) and 0.69 (0.78) for the C (C’) peaks
(or

approximately 𝑖< ~𝑣 6.& ),

respectively.

For

PG,

electrochemical

intercalation

of

chloroaluminates is more diffusion-limited compared to NG and SG, since PG exhibited mean bvalues of 0.59 (0.68) for its B (B’) peaks and 0.54 (0.54) for its C (C’) peaks. This result may be a
consequence of the higher concentrations of nano-crystalline grain boundaries within PG, which
impede ion diffusion.

Variable-rate CV analyses thus establish that the electrochemical intercalation of molecular
chloroaluminate anions into graphite operates within a fundamentally different mass transport
regime, compared to lithium cation intercalation. Exponential scaling relationships ranged from
approximately 𝑖< ~𝑣 6.D at lower voltages (~1.8 to 2.1 V during charge) and 𝑖< ~𝑣 6.& at higher
voltages (>2.3 V during charge) over rates from 20 µV/s - 2 mV/s, compared to classic 𝑖< ~𝑣 6.C
diffusion-limited scaling for lithium cations at rates >15 µV/s.84 Notably, in the aluminumgraphite system, both solid-state ion diffusion and the rate of electrochemical intercalation at the
electrode-electrolyte interface (i.e., the coupled ion insertion and charge transfer event) play a key
role in controlling the overall current. This phenomenon is a consequence of the relative rates of
the two processes. The departure from a completely diffusion-controlled process may be attributed
to (i) “fast” solid-state diffusion of chloroaluminate ions within the graphite structure and/or (ii)
“slow” interfacial electrochemical intercalation of molecular ions (AlCl4-). The ultrahigh rate
performance of many engineered graphites, compared to pristine graphites, is likely attributed to
reduced mass transfer limitations (e.g., reduced ion diffusion length scales, as in graphitic foams),
which partially control the overall rate of intercalation as we have shown.
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We highlight fundamental differences between the aluminum-graphite and lithium-graphite
systems that are expected to affect their overall rate capabilities. With regards to electrochemical
intercalation at the electrode-electrolyte interface, we note that there is currently no evidence in
the literature of a passivating interphase on the graphite electrode in the chloroaluminatecontaining ionic liquids,88 unlike the solid electrolyte interphase (SEI) that is well-known to form
in lithium-ion batteries with organic electrolytes.89 Such an SEI would add a mass-transfer
resistance to electrochemical intercalation at the interface. In addition, there are relatively weak
ion-ion interactions within the AlCl3/[EMIm]Cl electrolyte90 and hence weak desolvation
penalties for AlCl4- intercalation. Both the absence of an SEI and weak ion desolvation penalties
would be expected to enhance ion intercalation at the interface. Note that the kinetics of the
electron charge transfer between AlCl4- and graphite have not been measured to date. While not
expected to be rate-limiting, they must be quantified to understand their effects, if any.

With regards to solid-state ion diffusion, the lower charge density and larger size of molecular
AlCl4- anions, compared to those of atomic Li+ cations, will affect their diffusive behavior. Lower
ion charge density reduces interactions between the intercalated ions and the graphite layers and
is expected to enhance diffusion, while conversely, larger ion size is expected to slow diffusion. In
addition, the intercalation of larger molecular ions may open a larger interlayer spacing for
subsequent ions to diffuse. Any ion trapping that occurs during the initial cycles would amplify
this effect. We hypothesize that the large size of the intercalated molecular anions may also
restrict their penetration depths at lower potentials (<2.1 V), mitigating solid-state diffusion
limitations (as measured above for <2.1 V). Higher potentials (>2.3 V) are then required for the
sterically-bulky molecular anions to overcome the local cohesive van der Waals forces between
graphene layers before they can diffuse farther into the graphite particles.77,91
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3.4.6

Discrepancies in the Determination and Results of Graphite Staging

The graphite staging phenomenon is not well-characterized in the literature. The reported stage
number at a particular cell potential is not consistent among different reports. During charging
at ~1.85 V results in intercalation of ions, which is reported to be stage 6 according to Pan et
al.42,74 by in operando XRD methods and DFT calculations, or stages 8-4 by Childress et al.42,74 by

in situ Raman measurements. Further increasing the potential up to ~2.0 V is suggested to yield
stage 5 by Pan et al.42,74 or stages 4-2 by Childress et al.42,74 Scanning up to ~2.35 V results in the
most intense oxidation peak corresponding to the highest intercalation density achievable at room
temperature, which has been reported by in operando XRD measurements for SP-1 natural
graphite to be stage 4 by Pan et al.74 and stage 3 by Wang et al.80. Using ex situ XRD, Zhang et

al.40 reported stage 4, and Chen et al.31 reported either stage 3 or stage 4 for various graphenelike film electrodes. Note that Pan et al.74 also observed an additional CV peak at ~2.5-2.6 V when
the temperature was decreased to -10 °C, which was reported to be stage 3 intercalation. Using

in situ Raman spectroscopy, Childress et al.42 reported that the ~2.4 V oxidation peak
corresponded to stage 1 intercalation for few-layered graphene foam electrodes. Also by using in

situ Raman spectroscopy, Angell et al.23 reported that fully-charged natural graphite using the
AlCl3:urea electrolyte system was intercalated to stage 2. Thus, the maximum intercalation stage
achievable depends on a combination of the graphite structure and temperature, while the stage
numbers reported varies by characterization method.

The coulometric-geometric model presented earlier (3.4.3) another description of the staging
phenomenon. The average stage number of the intercalated graphites can be estimated by
comparing

the

average

composition

Cx[AlCl4],

determined

coulometrically

from

the

experimentally measured capacity, to the theoretical composition at a given stage number and
interlayer packing density. For example, NG exhibited a discharge capacity of 115 mAh/g, or an
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overall composition of C19[AlCl4]. Assuming hard-sphere packing of AlCl4- as a first approximation,
stage-2-intercalated graphite would have a theoretical capacity of 120 mAh/g (i.e., half of
theoretical capacity of 240 mAh/g) and an average composition of C18.6[AlCl4]. Natural graphite
thus exhibits an experimental capacity and composition very close to the theoretical capacity and
composition of stage-2-intercalated graphite using the hard-sphere model. Consideration of ion
trapping would increase the expected AlCl4- content and thus decrease the average stage number
towards stage 1. For example, if all 160 mAh/g of the first charge of NG were a result of the
electrochemical intercalation of AlCl4- ions, then the overall composition would be C14[AlCl4],
which would indicate a mixture of stage 1 and stage 2 intercalation based on the hard-sphere
packing model. Furthermore, if models using lower interlayer packing densities of AlCl4- ions are
used, then the graphite would need to exhibit a lower stage number, on average, to hold the same
overall concentration of AlCl4- ions.

Thus, there are discrepancies between the stage numbers of fully-charged graphites determined
by XRD methods, Raman spectroscopy, and coulometric-geometric models. XRD methods only
measure structures with sufficient long-range ordering to diffract X-rays and often ignore
problems of indeterminacy. For example, as Read92 has previously shown for PF6- anion
intercalation into graphite, it is difficult to unambiguously determine the stage number via XRD
studies alone because it is possible for intercalated graphites to have identical unit cell
dimensions in the dimension perpendicular to the graphite planes (c-axis), but exhibit different
staging. Meanwhile, DFT and geometric models assume idealized structures. Real graphites
exhibit edge sites, steps, basal planes, etc., as well as defects and disorder, all of which can affect
the specific capacity, but are not accounted for in the above models or structures. Reconciling
these discrepancies would provide opportunities to clarify the structure and composition of the
chloroaluminate-intercalated graphite electrodes, as well as the role of defects and disorder.
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3.5

Conclusions

Rechargeable aluminum-graphite batteries containing natural, synthetic, and pyrolytic graphite
electrodes were electrochemically analyzed, yielding insights into the effects of graphite structure
and ion transport on performance. Natural graphite exhibited the highest specific capacity (115
mAh/g at 66 mA/g) at all potentials and the greatest capacity retention during variable-rate
galvanostatic cycling (e.g., 55% at 960 mA/g). Cyclic voltammograms (20 µV/s) revealed that
lower-voltage (<2.1 V) redox processes associated with low-density ion staging were most
prominent for natural graphite, while the dominant charge storage mechanism for all graphites
was reversible chloroaluminate intercalation/de-intercalation (~2.3 V/2.2 V) at the highest
density achievable at room temperature. Average compositions of fully intercalated electrodes
were determined coulometrically; for example, fully intercalated natural graphite has a
composition of C19[AlCl4], neglecting trapped anions during first charge. Regarding ion staging,
we highlight discrepancies among different methods and models used in the literature and
analyze ideal ion staging using a hard-sphere model.

Both CV and galvanostatic analyses establish that the extent of irreversible electrochemical
reactions (e.g., electrolyte degradation), and hence coulombic efficiency, depend strongly on the
nature of the graphite. Synthetic graphite exhibited the lowers coulombic efficiency, likely due to
its higher specific surface area and greater concentrations of both edge sites and surface defects,
as measured by XPS. Pyrolytic graphite exhibited the best coulombic efficiency and hence longterm cycling stability. Long-term cycling of all Al-graphite cells can be improved by lowering the
upper voltage limit to 2.3 V for the initial cycles. Improvements to the coulombic efficiency of the
Al-graphite cells at slower cycling rates, which depend strongly upon the nature of the graphite,
can be made by identifying the mechanisms of deleterious side reactions and mitigating them by,
for example, developing alternative electrolytes or appropriately pre-treating the graphite.
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Variable-rate CV measurements were analyzed to understand quantitively how the rates of
electrochemical chloroaluminate (de-)intercalation are affected by ion mass transport limitations.
For both natural and synthetic graphites, intercalation/de-intercalation at voltages <2.1 V was
effectively reaction-limited ( 𝑖< ~𝑣 6.D ), while higher-voltage intercalation/deintercalation at
~2.3V/2.2V

was neither strongly diffusion- nor reaction-limited ( 𝑖< ~𝑣 6.& ). Among different

graphite structures, pyrolytic graphite exhibited the greatest extents of diffusion-limitations for
all cell potentials. Electrochemical intercalation of molecular chloroaluminate anions thus differs
significantly from the intercalation of lithium cations, which has been shown by Levi and
Aurbach84 to be diffusion-controlled (𝑖< ~𝑣 6.C ) over similar scan rates (>15 µV/s). Collectively,
these results are a first step towards understanding the excellent rate capabilities of rechargeable
aluminum-graphite batteries in chloroaluminate-containing ionic liquids.

3.6

Appendix

3.6.1

Porosity of the Composite Electrodes

The porosities of the composite natural & synthetic graphite composite electrodes were estimated
according to:

𝜌7>74:.=@7
% 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 = k1 − •
Žp ∗ 100
𝜌/.-<,0:7

where 𝜌7>74:.=@7 and 𝜌/.-<,0:7 are the densities of the composite electrode and the pristine graphite
material (e.g., ~2.1 g/cm3 for natural graphite, specified by manufacturer), respectively. The

68

density of the composite electrode, 𝜌7>74:.=@7 , was obtained by measuring the mass of an electrode
and dividing by its overall volume.

3.6.2

Estimation of Total Graphite Interlayer Surface Area

The unit cell of graphene is a two-dimensional rhombus that contains two carbon atoms and has
an area of 0.052 nm2. The mass of each unit cell is equal to the mass of two carbon atoms:

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 = 2 ∗ 12.011 𝑎𝑚𝑢 ∗

8.EE6C∗86!"# /
8 -G?

= 3.99 ∗ 10'$% 𝑔

Thus, the theoretical specific surface area of one side of a graphene layer is:

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 (𝑜𝑛𝑒 − 𝑠𝑖𝑑𝑒) =

3.6.3

H
I

=

6.6C$ 1G"
%.DD∗86!"$ /

= 1.31 ∗ 10$8

1G"
/

= 1315

G"
/

Comparison of Theoretical Interlayer and Measured “External” Surface Areas

Accounting for the typical porosity (~40%) of a graphite electrode, the theoretical interlayer
specific surface area is:

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 (𝑜𝑛𝑒 − 𝑠𝑖𝑑𝑒, 𝑝𝑜𝑟𝑜𝑢𝑠) = (1 − 0.4) •1315

G"

‘ = 789
/

G"
/

The measured BET specific surface area of synthetic graphite (highest among the electrodes
studied here) was 9.3 m2/g. Thus, for synthetic graphite, the measured BET surface area is ~1.2%
of the total graphene interlayer surface area (one-sided basis). The measured BET surface area
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for natural and pyrolytic graphites is 0.7% and 0.1% of the graphene interlayer surface area,
respectively.
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Figure A3.1. Nitrogen sorption isotherms for pristine (a) natural graphite and (b) synthetic
graphite. No isotherm was obtained for pyrolytic graphite due to its low specific surface area,
which was estimated via single-point BET analysis conducted at P/P0 = 0.3.
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Figure A3.2. Electrochemical performance of Al-graphite cells with synthetic graphite (SG) and
pyrolytic graphite (PG), where a reduced voltage limit of 2.30 V was used for the first 20 cycles
and subsequently raised to 2.45 V on cycle 21 and after, improving long-term coulombic efficiency.
(a,b) Galvanostatic cycling, (c,d) cyclic voltammetry, and (e,f) differential capacity (dQ/dV) plots
are shown for (a,c,e) synthetic graphite and (b,d,f) pyrolytic graphite.
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Figure A3.3. Variable-rate analyses of CV data for on Al-graphite cells with (a,b) natural, (c,d)
synthetic, and (e,f) pyrolytic graphites. Peak current vs. scan rate data was fit to a power law
model. Exponential scaling term (b-value) for the oxidation and reduction peaks as a function of
potential are shown as insets. Measurements were performed on three different cells for each
graphite type; one representative trial is shown here.
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4

Molecular-Level

Environments

of

Intercalated

Chloroaluminate Anions in Rechargeable Aluminum-Graphite
Batteries Revealed by Solid-State NMR Spectroscopy
Figures within and portions of this chapter are reproduced from Xu, J. H., Jadhav, A., Turney,
D. E., Messinger R. J., Molecular-level environments of intercalated chloroaluminate anions in
rechargeable aluminum-graphite batteries revealed by solid-state NMR spectroscopy. Journal of
Materials Chemistry A 2020, 8, 16006-16017 with permission from the Royal Society of
Chemistry.
(Direct link: https://pubs.rsc.org/en/content/articlelanding/2020/ta/d0ta02611e#!divAbstract)

4.1

Chapter Overview

There has been substantial work conducted to characterize cell-level performance of Al-graphite
batteries. However, there remains much to be understood regarding the ion intercalation
mechanism, in part due to the challenges associated with characterizing the chloroaluminate
anions themselves. In this chapter, we use solid-state

27Al

nuclear magnetic resonance (NMR)

spectroscopy to probe the molecular-level electronic and magnetic environments of intercalated
chloroaluminate species at different stages-of-charge. The results reveal broad 27Al NMR signals
associated with intercalated AlCl4- anions, reflecting high extents of local disorder.

The

intercalated chloroaluminate anions experience a diversity of local environments, many of which
are far from the ideal crystalline-like structures often depicted in graphite staging models.
Density functional theory (DFT) calculations of the total

27Al

isotropic shifts enable the

contributions of chemical shift, ring-current effects, and quadrupolar interactions to be
quantitatively disentangled. In combination, the solid-state NMR and DFT results reveal new
insights into the molecular geometries and environments of AlCl4- anions at different extents of
intercalation.
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4.2

Context and Scope

Over the past few years, aluminum-graphite batteries have been studied using a variety of
techniques that reveal surface properties (e.g. XPS, AFM, SEM/EDS, TEM, etc.) or bulk
properties (e.g. XRD, Raman, etc.) of the graphite electrodes. However, there have been no reports
thus far that utilize techniques capable of revealing bulk properties of the intercalant anions
themselves within the graphite electrode. In particular, solid-state nuclear magnetic resonance
(NMR) spectroscopy can directly probe the local electronic and magnetic environments of the
intercalated chloroaluminate anions themselves and would be expected to shed light on the ion
intercalation mechanism.

Previous studies have established solid-state NMR as a practical and fundamental tool to study
ion-intercalated battery electrode materials, revealing information on their local environments
and electrochemical intercalation mechanisms.93–98 Solid-state NMR measurements are sensitive
to the local magnetic and electronic environments, ion dynamics, and ion-ion or ion-framework
interactions of intercalant-electrode systems.
7Li

99

For example, Guérin et al.100 conducted ex situ

NMR on fully-lithiated hard carbon electrodes to distinguish covalently bonded, intercalated

and pseudo-metallic lithium species. Later on, in operando 7Li NMR techniques enabled phase
identification of metastable phases formed upon Li+ intercalation into silicon electrodes101, as well
as structural characterization of dendrite growth of lithium metal anodes.102 Similarly, 23Na MAS
NMR techniques (both ex situ103 and in situ104,105) have been used to elucidate adsorption
mechanisms and dendrite formation under various electrochemical conditions. While solid-state
NMR has been used to study the intercalation of molecular anions such as hexafluorophosphate
(PF6-)106 and bistriflimide (TFSI-)107 into graphite, to our knowledge, it has not yet been used to
study the local environments of intercalated chloroaluminate anions.
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Density functional theory (DFT) quantum chemical calculation are a powerful tool to aid
interpretation of observable solid-state NMR signals, which are the result of different physical
interactions. These methods have been used to calculate magnetic shielding tensors (chemical
shifts) and electric field gradient (EFG) tensors108 for systems where chemical species interact
with various carbon structures such as porous carbons109,110, polycyclic aromatic hydrocarbons111,
single-layer graphene112 and graphite113. For example, Forse et al.110 studied the effects of
different structural factors on DFT-derived NMR shifts, which were used to interpret
experimental 19F NMR spectra of BF4- anions adsorbed on titanium carbide-derived carbons. DFT
has also been used to compute the molecular structures and energetics of other intercalating
molecular species into graphite, such as PF6- anions114–116, ClO4- anions116, and TFSI- anions117,
with applications for positive electrodes for lithium and sodium batteries.114–116

Here, we report solid-state

27Al

magic-angle-spinning (MAS) NMR measurements of natural

graphite electrodes cycled to different states-of-charge to probe the molecular-level environments
of intercalated AlCl4- chloroaluminate species at different extents of ion intercalation. The solidstate 27Al NMR results revealed broad 27Al signals with varying shifts and linewidths associated
with chloroaluminates in diverse local environments. To interpret the experimentally observed
NMR

27Al

shifts, we performed DFT calculations on an [AlCl4-]-coronene bilayer model system

with varying interlayer spacings to simulate structures with different AlCl4- molecular geometries
and environments. The DFT calculations were used to compute the contributions of the chemical
shift, aromatic ring-current effects, and electric quadrupolar couplings on the total 27Al isotropic
shifts. The calculated total 27Al isotropic shifts were correlated with the experimental 27Al shifts
to better understand the physical, molecular-level picture of intercalant-graphite-host
interactions. Additional insights into the local dynamics and disorder of chloroaluminate anions
intercalated into graphite were revealed by trends of the

27Al

times and 27Al signal linewidths at different states-of-charge.
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longitudinal T1 NMR relaxation

4.3

Experimental details

4.3.1

Cell Assembly and Electrochemical Measurements

Composite electrodes were prepared using natural graphite flakes (Alfa Aesar, 99.9995%) and
poly(vinylidene fluoride) (PVDF) binder (Sigma-Aldrich, average molecular weight 534000 g/mol)
in a mass ratio of 90:10 on molybdenum (Mo) foil current collectors (Alfa Aesar, 99.95%, 0.025
mm thick). Cells were prepared using an aluminum foil negative electrode (MTI, 99.99%, 0.1-mm
thick), a glass fiber separator (Whatman brand, GF/D), the graphite positive electrode, and an
AlCl3:[EMIm]Cl electrolyte (1.5:1 molar ratio, Iolitec, 30 µL) using polytetrafluoroethylene (PTFE)
unions (Swagelok, ½-in. (12.7-mm) diameter, no. T-810-6) as airtight cell bodies and Mo current
collector rods (Torrey Hills Technologies). Typical open circuit potentials for the Al-graphite cells
were ca. 1.65 V. Galvanostatic cycling was performed on an Arbin LBT battery tester at 60 mA/g
using upper and lower voltage cut-off limits of 2.45 V and 0.50 V, respectively.

4.3.2

NMR Sample Preparation

After the aluminum-graphite cell‘s desired state-of-charge was reached, it was disassembled in
an argon-filled glovebox (<1 ppm O2 and H2O levels). Excess electrolyte was removed from the
graphite electrodes by rinsing with anhydrous methanol, soaking for 5 mins, and then rinsing
again. Anhydrous methanol was observed to be more effective at removing excess electrolyte than
CCl4, as measured by energy-dispersive X-ray Spectroscopy (EDS) via a Helios NanoLab 660
SEM with an Oxford EDX detector (Figure A4.1). The electrode was dried in the glovebox for 20
min to allow the methanol to evaporate. The graphite was then separated from the current
collector and ground by mortar and pestle and diluted with potassium bromide (Anhydrous,
Sigma-Aldrich, ≥99%) at a mass ratio of 30:70 sample:KBr to improve MAS spinning stability by
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reducing the electrical conductivity of the composite sample. This sample:KBR mixture was then
packed into 1.6-mm diameter zirconia rotors inside the argon-filled glovebox.

4.3.3

Solid-state

NMR Spectroscopy

27Al

NMR measurements were acquired on a Bruker AVANCE III HD 600 MHz

spectrometer with a 14.1 T narrow-bore superconducting magnet operating at 156.375 MHz for
27Al

nuclei, respectively. A Phoenix 1.6-mm HXY MAS probehead was used. Samples were rotated

at MAS rates of 10 kHz, which was limited due to the high conductivity of the graphite samples.
Air at a temperature of 293.2 K was pumped through the probehead at 600 l/h to mitigate sample
heating due to MAS. Samples were spun at 10 kHz MAS for 6 hours before data collection to
centrifugally separate any excess free electrolyte trapped in the pores of sample (Figure A4.2).
Solid-state

27Al

single-pulse NMR measurements were conducted using π/2 radio frequency (rf)

pulses of 1.9 µs (131.6 kHz rf field strength). Note that both π/12 and π/2 rf pulses yielded identical
solid-state

27Al

NMR spectra, indicating that single-pulse experiments with π/2 rf pulses were

quantitative.118 Longitudinal (T1) and transverse (T2) relaxation time measurements were
performed using the inversion-recovery and variable-delay spin-echo pulse sequences,
respectively. Recycle delays of 0.25 s were used for all experiments, which were calibrated to
ensure that all 27Al spins relaxed to equilibrium (>5T1) and that all spectra are fully quantitative.
Absolute spectral intensity was normalized by sample mass.

27Al

shifts were referenced to a 1M

aqueous solution Al(NO3)3 at 0 ppm. Spectral deconvolutions were performed with DMFit
software.119 All

27Al

signals associated with intercalated chloroaluminate species were modeled

as a mixed Gaussian/Lorentzian lineshape (e.g., 0.50 Gaussian:Lorentzian ratio for the dominant
27Al

NMR signal), while those associated with the liquid electrolyte were modeled as pure

Lorentzian lineshapes.
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4.3.4

DFT Calculations

GAUSSIAN09120 was used to perform all

27Al

magnetic shielding tensors and electric field

gradient tensor calculations. Ground-state DFT methods using a 6-31G(d) basis set and the
hybrid B3LYP functional (Becke’s three-parameter nonlocal exchange functional and Lee-YangParr’s correlation functional) were used for all geometry optimization and gauge-independent
atomic orbital (GIAO) NMR calculations of coronene (as a model graphite layer), following Moran
et al.111 and Forse et al.110 to optimize similar coronene structures. The coronene bilayer was
constructed using an AB stacking (Bernal) structure and the van der Waals dispersion correction
(D3) developed by Grimme et al.121 The structures of the coronene bilayer and AlCl4- molecule
were first optimized independently. To construct the graphite intercalation compound, the
optimized AlCl4- structure was inserted in the central point of the optimized bilayer coronene
structure (vertically (c-axis) and laterally (a- and b-axis)). Atom Groups were used to assign
charges to the coronene bilayer (+1) and the AlCl4- (-1). For calculations involving incremental
changes of the bilayer coronene d-spacing, ion lateral-displacement, the geometry of the AlCl4molecule was first re-optimized using fixed carbon and aluminum atomic coordinates and a
Universal Force Field (UFF) in Avogadro Molecular Editor.122 A chemical shielding value for
[Al(H2O)6]3+ of 611 ppm [B3LYP/6-31G(d)] was used as the reference to convert

27Al

magnetic

shielding values to 27Al chemical shift values. The ions in the electrolyte (non-intercalated) were
modeled as an [AlCl4-][EMIm+] ion pair using the B3LYP-D3 basis set, as recommended for DFT
calculations of imidazolium-based ionic liquids.123

4.4

Results and discussion
4.4.1

Experimental 27Al NMR Results
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Solid-state 27Al NMR measurements were conducted to reveal the molecular-level environments
of the intercalated chloroaluminate species and how they change with varying cell states-ofcharge (i.e., extent of ion intercalation). Subsequently, DFT calculations were performed to
understand quantitatively the relative contributions of different NMR interactions to the solidstate 27Al NMR shifts.
The liquid-state single-pulse

27Al

NMR spectrum (Figure 4.1) reveals overlapping

27Al

signals

that can be deconvoluted into two purely Lorentzian components at 103.2 and 97.4 ppm associated
with AlCl4- and Al2Cl7-, respectively. The relative populations of AlCl4- and Al2Cl7- species,
obtained by their relative integrated

27Al

signal intensities, were measured to be 90% and 10%,

consistent with Ferrara et al.124 The longitudinal (T1) relaxation times were 200 and 290 µs for
AlCl4- and Al2Cl7-, respectively. The longer 27Al T1 relaxation time for the dimeric species is due
to slower stochastic fluctuations of the electric field gradient as a result of its larger size and

AlCl4103.2 ppm
Al2Cl797.4 ppm

Figure 4.1 Liquid-state 27Al single-pulse NMR spectrum of neat AlCl3:[EMIm]Cl (molar ratio
1.5:1) ionic liquid electrolyte
slower molecular motions (e.g., rotations). Both 27Al signals associated with the chloroaluminate
anions exhibited single-exponential T1 relaxation, as opposed to multi-exponential, consistent
with fast isotropic motions in the liquid-state and relaxation behavior within the extreme
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narrowing limit124. Accordingly, the

27Al

transverse relaxation time (T2) times were identical to

the T1 relaxation times.

To probe the molecular environments of intercalated AlCl4- species intercalated within the
graphitic layers, solid-state single pulse

27Al

MAS NMR measurements were performed on

electrodes cycled to various states-of-charge (Figure 4.2) corresponding to inflection points on the
voltage vs. time galvanostatic cycling profiles, at which key electrochemical events associated
with the formation of periodically-ordered graphite stages occur.67 The solid-state

27Al

NMR

spectrum of an electrode that was harvested at the open-circuit potential (non-cycled) 1.65 V 24
hours after cell assembly (point A) and rinsed with anhydrous methanol shows no

27Al

signal

intensity, establishing that methanol successfully removed the excess electrolyte and that no solid
reaction products were formed.

The solid-state

27Al

NMR spectra reveal

27Al

signals that increase in intensity upon charge and

decrease in intensity upon discharge, reflective of the changing populations of chloroaluminate
species intercalated within the graphite electrode (Figure 4.2). The NMR spectra and their
deconvolutions reveal three

27Al

components: (i) a main broad

27Al

signal, ranging from 48.8 to

78.3 ppm, associated with AlCl4- chloroaluminate anions that are intercalated within the graphite
layers, (ii) a sharp signal at ca. 103 ppm attributed to residual bulk electrolyte, and (iii) a lowerintensity broad peak centered >0 ppm whose origin is unclear, but whose shift is consistent with
octahedrally-coordinated aluminum species.
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Figure 4.2 Solid-state 27Al single-pulse MAS NMR spectra (right) of natural graphite electrodes
from Al-graphite cells galvanostatically cycled to specified states-of-charge at 60 mA/g (left),
acquired under conditions of 10 kHz MAS at 14.1 T.
Analyses of the main broad 27Al signal associated with intercalated AlCl4- species reveal insights
into their local environments at different states-of-charge.

27Al

NMR shifts and linewidths (full-

width-half-maximum, FWHM, of Gaussian lineshape) are shown in
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Figure 4.3a,b, respectively. Upon charging from the open-circuit potential of 1.65 V (point A) to
1.90 V (point B, charge time ca. 60 s at 60 mA/g), chloroaluminate anions begin to
electrochemically intercalate within the graphite layers without establishing ordered graphite
staging (i.e., dilute staging125) as evidenced by in operando XRD measurements below 2.06 V.80
The corresponding

27Al

NMR spectrum reveals a low-intensity

27Al

signal centered at 56.7 ppm

that is broad in nature (FWHM of 108 ppm), which is associated with AlCl4- chloroaluminate ions
in distorted geometries, as discussed below. After charging to 2.25 V (point C) and 2.45 (point D),
chloroaluminate species continue to intercalate, resulting in graphite interlayer expansion and
ion staging. The 27Al signals associated with intercalated AlCl4- species shifts to ca. 78 ppm and
its linewidths decreases, likely because the intercalated molecular anions reside in less distorted
and modestly more uniform environments. The average

27Al

NMR shift of an intercalated

chloroaluminate species is 78.3 ppm (point D). Nevertheless, the broad distributions of

27Al

chloroaluminate environments, reflected in the broad Gaussian lineshapes (FWHM of 90 ppm,
point D), are a direct manifestation of the underlying heterogeneity and disorder of the graphite
structure. The intercalated chloroaluminate anions thus experience a diversity of magnetic and
electronic environments, many of which are far from the idealized, crystalline-like structures
often depicted in ion staging models. Upon discharge to the 2.15 V (point E), the chloroaluminate
anions begin to electrochemically de-intercalate, but the average

27Al

shift associated with

intercalated anions remains nearly identical at 78.2 ppm. Interestingly, the lineshape narrows
(FWHM of 72 ppm), reflecting modestly less disordered environments. This result is consistent
with preferential de-intercalation of chloroaluminate anions on the edges of the particles during
this part of the discharge process. These edge-sites are expected to be more disordered, on average.
Further discharge to 1.60 V (point F) results in 27Al shift at 70.6 ppm, and full discharge to 0.20
V (point G) results in a 27Al NMR signal of lower intensity centered at 46.8 ppm that is likely due
to “trapped” chloroaluminate species in distorted environments within the graphite layers. This
spectroscopic result is consistent with the electrochemical in 3.4.2, which establish additional
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capacity observed during the first charge, which may be associated partly or completely with
trapped chloroaluminate anions. As discussed below, the

27Al

shifts of these trapped ions are

consistent with chloroaluminate anions in more distorted geometries, which may be expected for
trapped species. These NMR results also agree with in operando XRD results of Wang et al.,80
who show negligible changes in the graphite structure upon discharging from 2.45V (point D) to
2.15V (point E), but from 2.15V to 1.60V (point F) observe significant contraction of the graphite

d-spacing that would be expected to distort ions trapped locally within the bulk graphite cathode.
The 27Al longitudinal T1 NMR relaxation times of the intercalated chloroaluminate species (
Figure 4.3c) yield information consistent with their molecular mobilities and the extents of local
disorder.

27Al

longitudinal relaxation is dominated by the electric quadrupolar interaction,

wherein local motions of the chloroaluminate anions cause the local electric field gradients (EFG)
and hence quadrupolar interactions to fluctuate stochastically, a non-coherent process that forces
the

27Al

spins to relax to thermal equilibrium. Hence, the

27Al

T1 relaxation times are linked to

molecular motions, where relaxation is most efficient (lower T1) when the correlation time of
motion is of the order of the inverse Larmor frequency (1⁄𝜔6 ), which is on the order of nanoseconds.
Mono-exponential

27Al

longitudinal relaxation behavior was observed for the intercalated AlCl4-

anions with T1 values on the order of 10 ms. These relaxation times are 2 orders-of-magnitude
greater compared to the 27Al T1 of AlCl4- ions within the bulk electrolyte (200 µs), consistent with
their reduced mobilities within the graphite layers. The

27Al

T1 relaxation times of the

intercalated AlCl4- anions decreased during charge (from 36.5 to 18.8 ms) and subsequently
increases during discharge (from 9.3 to 23.0 ms). Interestingly, the
similar trend to the

27Al

27Al

linewidths, a correlation that indicates that

T1 values exhibited a

27Al

longitudinal NMR

relaxation behavior is linked to the extent of local disorder. Indeed, for graphite electrodes
charged to 1.90 V, 2.15 V, and 2.45 V, then discharged to 2.15 V and 1.60 V (i.e., points (B) through
(F)), a smaller

27Al

linewidth correlates with shorter

27Al

T1 relaxation times, suggesting that

chloroaluminate anions in less disordered, more uniform environments exhibit greater local
83

mobility. Note that fluctuating

27Al-27Al

magnetic dipole-dipole couplings, arising from

intermolecular interactions among neighboring intercalated chloroaluminate species, are another
source of relaxation but are of secondary importance compared to intramolecular electric
quadrupolar interactions.
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Figure 4.3 Analyses of the solid-state 27Al NMR signals attributed to AlCl4- anions intercalated
within natural graphite. (a) Average 27Al shifts, (b) 27Al signal linewidths (full-width-at-halfmaximum), and (c) 27Al longitudinal T1 relaxation times.
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As mentioned above, additional broad

27Al

NMR signals exist whose

27Al

shifts are consistent

with octahedrally-coordinated aluminum moieties.126 The origin of these signal is unclear. At
2.45 V (point D), the

27Al

signal is centered at -27.4 ppm and accounts for 5% of the overall

aluminum within the electrode. While it is possible that exposure to air could result in octahedral
moieties such as AlO6, these signals only appear at higher voltages (2.15 V and above), i.e., higher
extents of chloroaluminate intercalation.

In addition, solid-state

27Al

MAS NMR measurements were acquired on a fully intercalated

graphite electrode (2.45 V) at varying carrier frequencies (±1600 ppm and ±3200 ppm) to detect
possible Knight-shifted

27Al

signals in metallic environments. Such signals have been observed

in solid-state NMR studies of lithium-ion-intercalated100,127,128 and sodium-ion-intercalated103,104
graphitic compounds, which indicated the reversible formation of quasi-metallic clusters due to
ion aggregation at high loadings. Here, Knight-shifted 27Al signals were not detected over a broad
frequency range, establishing that no quasi-metallic aluminum clusters were formed. Note that
aluminum metal has a 27Al NMR shift of approximately 1640 ppm, as shown in a solid-state 27Al
single-pulse MAS NMR spectrum of metallic aluminum powder (Figure 4.4). The absence of quasimetallic aluminum is expected and consistent with the intercalation of molecular chloroaluminate
anions into graphite, rather than atomic Al3+ cations.
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Figure 4.4 Solid-state 27Al single-pulse MAS NMR spectrum of metallic aluminum powder (2 µm
diameter particles), acquired at 20 kHz MAS and 14.1 T, reveals a Knight-shifted signal at 1639
ppm associated with aluminum metal. The 27Al shift was referenced to 1M aqueous Al(NO3)3. To
enable sample rotation in the magnetic field, the aluminum powder was diluted with KBr powder
using a mass ratio of 1:9.

4.4.2

Quantitative Interpretations of Experimental 27Al NMR Shifts Using DFT

Calculations

The intercalated chloroaluminates exhibit

27Al

signals that depend upon a combination of

different NMR interactions: (i) chemical shift, (ii) nucleus-independent chemical shift, and (iii)
electric quadrupolar couplings. We employ DFT methods to quantitatively disentangle the
relative contributions of these NMR interactions to the experimental 27Al NMR shifts and better
understand the molecular-level environments of the intercalated chloroaluminate anions.

The total 27Al isotropic NMR shift is the sum of each of these contributions:

$L

:=:->
+J
K"+J
𝛿03=
= 𝛿03=
+ 𝛿03=
+ 𝛿03=

Eqn. 4.1
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:=:->
+J
K"+J
where 𝛿03=
is the total isotropic shift, 𝛿03=
is the isotropic chemical shift, 𝛿03=
is the nucleus$L
independent chemical shift, and 𝛿03=
is the second-order isotropic quadrupolar shift. (See 2.3.4

for a brief description of each NMR shift contribution)

The above solid-state NMR results establish that the intercalated chloroaluminate anions
experience a wide variety of environments, many of which are far from those in ordered
environments. This motivates the need to understand chloroaluminates in non-ideal, distorted
geometries. Note that XRD only measures structures with long-range periodic ordering (i.e., they
diffract) such as graphite layers with well-defined d-spacings that are associated with ion staging,
conditions which are not necessarily achieved locally, or at low extents of intercalation. Therefore,
XRD does not capture dilute staging or local disorder, while coherent diffraction of the
intercalated chloroaluminates themselves have not been reported. Furthermore, d-spacings
derived from in operando XRD measurements vary2,74,80 because they employ models that require
the assumption of a single, ideal stage number n, rather than a more realistic mixed-stage
configuration.129

To capture the local disorder measured experimentally by solid-state NMR, we modeled
chloroaluminates intercalated in between coronene or coronene-like sheets (i.e., Circumcoronene,
Dicircumcoronene and C150H30) with decreasing interlayer spacings (from 10.5 Å to 6.5 Å, Figure
4.5) to simulate how they deviate from the tetrahedral geometry due to interactions with the van
der Waals forces between graphite layers.130 For each interlayer spacing, the AlCl4- molecular
geometry is re-optimized to minimize the formation energy of the bilayer-[AlCl4-] structure. Note
that structural or chemical defects of graphite, such as edges, carbon vacancies, and oxygen
impurities, are other sources of disorder that are not modeled here.
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b
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8.0 Å
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a

Figure 4.5 Space-filling models of DFT-optimized [AlCl4-]-coronene bilayer structures with
varying interlayer spacings and degrees of geometric distortion. Van der Waals volumes are
shown for the AlCl4- anion

4.4.3

Calculated Chemical Shift

To compute the 27Al chemical shift, first the principal components (σxx , σyy and σzz) of the chemical
shielding tensor σ within its principal axis system are calculated for the optimized structure. The
isotropic shielding constant

𝜎03= =

𝜎** + 𝜎MM + 𝜎NN
3

Eqn. 4.2

describes the magnetic shielding at the aluminum nucleus in the AlCl4- anion. The DFTcalculated chemical shielding constant σiso can be converted to a DFT-calculated isotropic
+J
chemical shift 𝛿03=
via
.7O7.7147
+J
𝛿03=
= 𝜎03=
− 𝜎03=

Eqn. 4.3

.7O7.7147
where 𝜎PQR
is the DFT-calculated shielding of the

27Al

NMR reference standard (For
H>+>#!

.7O7.7147
[Al(H2O)6]3+, 𝜎PQR
= 611 ppm).131 Using this reference standard yields 𝛿03=
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= 102 ppm for an

AlCl4- anion, similar to the experimental

27Al

NMR shift of 103.2 ppm for AlCl4- in the neat

electrolyte.

The 27Al chemical shift was modeled using coronene bilayer interlayer spacings from 10.5 Å to 6.5
Å (Figure 4.5). At a large graphite d-spacing of 10.5 Å, the optimized molecular geometry is
tetrahedral, yielding a high shielding constant (𝜎PQR = 513.3 ppm) that corresponds to a
+J
isotropic chemical shift 𝛿03=
of 97.7 ppm.

27Al

As the interlayer spacing is reduced, the AlCl4-

experiences increasing deviations from the tetrahedral geometry. For example, enforcing an
interlayer spacing of 6.5 Å results in near-planar geometry and a lower shielding constant (𝜎PQR =
494.4 ppm) that corresponds to a greater

27Al

+J
isotropic chemical shift 𝛿03=
of 116.6 ppm. This

higher chemical shift value is a result of decreased electron density around the 27Al nucleus due
to altered bond lengths and bond angles from those of the tetrahedral geometry of AlCl4-.

4.4.4

Calculated Nucleus-Independent Chemical Shift (NICS)

To estimate the shift contribution due to ring-current effects from the graphite layers, nucleusindependent chemical shift (NICS)109,110 calculations were performed using a “ghost” atom to
probe the local effective magnetic field between a bilayer coronene-based structure. Since
aromatic ring-currents have an effect whose magnitude depends on the domain size of the
graphene sheets,110 a small coronene bilayer model will underestimate the magnitude of the NICS
value experienced by intercalated AlCl4- anions. Therefore, larger coronene-based graphene
sheets (here, lateral diameters of 22.2 Å) were used to better simulate the larger ab crystallite
K"+J
dimensions of natural graphite.67 NICS values 𝛿03=
were computed for interlayer spacing varying

from 10.5 Å to 6.5 Å (Table 4.1). Note that NICS values does not require a reference nucleus. As
the interlayer spacing decreased, the magnitude of NICS increased due increased molecular
proximity of the

27Al

nucleus and the coronene-based sheets.
89

For example, bilayers with

interlayer spacings of 10.5 and 6.5 Å yielded NICS values of -13.1 and -17.5 ppm, respectively
(Table 4.1). Note that ring currents contribute to magnetic shielding and serve to reduce the 27Al
isotropic shift, which are in qualitative agreement with the fact that the

27Al

NMR shifts of the

intercalated AlCl4- anions resonate at lower frequency compared to that of the AlCl4- in the bulk
electrolyte (Figure 4.1).

Additionally, the NICS values varied with lateral displacement of the atom for a constant dspacing, since ring-currents induce shielding above/below the ring and deshielding in the
periphery of the ring. For example, using a coronene bilayer model to illustrate this concept with
an interlayer spacing of 9.2 Å, the NICS value is -4.8 ppm at the center, but more deshielded (0.2 ppm) at the periphery (Figure A4.3b). The shift contribution from lateral displacement of
anions is expected to be proportionally small, since edge sites are only a small fraction of all
available interlayer space. Therefore, we ignore this effect and assume the central position (x=0)
of the bilayer model for subsequent analyses.

4.4.5 Calculated Quadrupolar Shift

Distortions of the molecular geometry of the intercalated AlCl4- anion will influence the electric
quadrupolar coupling interaction between the
(EFG), which will contribute to the total

27Al

27Al

nuclei and the local electric field gradients

isotropic shift.132,133 DFT calculations of the

optimized molecular structure enable the EFG tensor to be computed at the aluminum
nucleus.108 The Hamiltonian describing this interaction is

𝐻L =

𝑒𝑄
𝑰·𝑽·𝑰
2𝐼(2𝐼 − 𝐼)ℏ

Eqn. 4.4

90

where e is the elementary charge, Q is the nuclear electric quadrupole moment of the nucleus
(For

27Al,

Q = 148.2 ± 0.5 mb)134, ℏ is reduced Planck’s constant, I is the nuclear spin quantum

number, I is the nuclear spin operator, and V is the EFG tensor (Table A4.1). The nuclear
quadrupole coupling constant (𝐶L ) quantifies the magnitude of the quadrupolar interaction via

𝐶L =

𝑒𝑄𝑉NN
ℎ

Eqn. 4.5
where h is Planck’s constant, Vzz is the principal component (eigenvalue) within its principal axis
system with the largest magnitude of the traceless EFG tensor (by convention, |𝑉NN | ≥ |𝑉MM | ≥
|𝑉** |)135,136. The EFG tensor is also characterized by the quadrupolar asymmetry parameter 𝜂
defined as
𝜂=

S%% 'S&&
S''

Eqn. 4.6
The quadrupolar interaction can be expressed as a first-order and second-order perturbation to
the Zeeman Hamiltonian.133 The first-order term splits the spectrum into 2I-1 satellite lines. This
term does not affect the central transition and its effects are averaged by MAS.132 The secondorder term is not completely removed by MAS and will alter the shift of the central transition137.
$L
The observable isotropic quadrupolar shift ( 𝛿03=
) can be predicted from the DFT-calculated

quadrupolar parameters 𝜂 and 𝐶L (Table 4.1) for a polycrystalline sample via

$L
𝛿03=

3
3 𝐶L $ 𝐼(𝐼 + 1) − 4
𝜂$
[𝑝𝑝𝑚] = − w y $
+
k1
p ∗ 10E
40 𝜔T
𝐼 (2𝐼 − 𝐼)$
3

Eqn. 4.7

where 𝜔T is the Larmor frequency of the 27Al nuclei.133,135,138
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The second-order

27Al

quadrupolar shifts were computed using coronene bilayer interlayer

spacings that varied from 10.5 Å to 6.5 Å (Table 4.1). When the graphite d-spacing is 10.5 Å, the
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Figure 4.6 DFT-calculated 27Al parameters of [AlCl4-]-coronene-based bilayer system with varying
+J
interlayer spacing. (a) 27Al isotropic chemical shift (𝛿03=
) (inset: optimized structures), (b) nucleus$L
K"+J
27
independent chemical shift (𝛿03= ), (c) Al nuclear quadrupolar shift (black, 𝛿03= ) and coupling
:=:->
constant (red, CQ), (d) 27Al total isotropic shift (𝛿03=
). Dashed lines are shown to guide the eye.
tetrahedral geometry of the optimized AlCl4- ion yields a 𝐶L of ca. 0 MHz and therefore a negligible
$L

𝛿03= . When the graphite interlayer spacing decreases, the increasing deviation from the
tetrahedral geometry increases the EFG. For example, at 6.5 Å, DFT calculations yielded a higher
Vzz value of -0.48. The large EFG indicates high deviation from the symmetric, tetrahedral
geometry of the energy-optimized AlCl4- structure, yielding a large CQ of 116.8 MHz.77,130
$L
Consequently, the large isotropic quadrupolar shift 𝛿03=
of -71.1 ppm will shift the NMR signal to

lower frequency.
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4.4.6

Calculated Total 27Al Isotropic Shift

:=:->
The calculated total isotropic shift 𝛿03=
is the sum of the individual contributions modelled above

(Eqn. 4.4), whose values (Table 4.1) can be compared to the average experimental 27Al NMR shifts
(Figure 4.2). When the interlayer spacing is decreased from 9.5 Å to 6.5 Å, the calculated

27Al

shift decreases from 84.2 to 28.8 pm, respectively. The reported graphite d-spacings for
chloroaluminate-intercalate graphite electrodes range from ca. 8.8 Å to 10.8 Å (obtained via
DFT77,129,139, XRD74,80 and molecular dynamics (MD) simulations130,140). For example, in operando
XRD measurements by Wang et al.80 indicate that chloroaluminate-intercalated graphite at full
charge exhibit long-range ordering with d-spacing of 9.2 Å. If we also assume an average
interlayer spacing of ca. 9.2 Å, then the total calculated
5.6 ppm greater than the average experimental

27Al

27Al

:=:->
isotropic shift 𝛿03=
is 83.9 ppm, or

NMR shift of 78.3 ppm. This difference in

absolute shift is discussed below. The trend in calculated

27Al

shifts at different interlayer

spacings reveals insights into how the local environments of intercalated chloroaluminate change
in distorted geometries.

Each calculated
27Al

27Al

:=:->
shift 𝛿03=
captures the local electronic and magnetic environments at the

$L
+J
K"+J
nucleus when analyzed in terms of the underlying shifts 𝛿03=
, 𝛿03=
and 𝛿03=
, enabling the

dominant contributions to be disentangled among competing effects. For example, an AlCl4- anion
intercalated within a coronene bilayer at an interlayer spacing of 6.5 Å has a highly-deshielded
+J
+J
𝛿03=
due to its near-planar geometry (𝛿03=
= 116.6 ppm), reflective of changes in intramolecular

bond lengths and angles compared to tetrahedral geometry. Simultaneously, this distortion
$L
results in a large EFG and hence a large second-order quadrupolar shift (𝛿03=
= -71.1 ppm).

Meanwhile, the molecular proximity between the
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27Al

nucleus and the coronene rings induces

K"+J
strong ring-current effects (𝛿03=
= -17.5 ppm). Collectively, these effects decrease the total

27Al

:=:->
shift to lower values (𝛿03=
= 28.0 ppm).

Table 4.1 DFT-computed NMR parameters for the [AlCl4-]-coronene-based bilayer system with varying interlayer spacings.
Interlayer
spacing
(Å)

Isotropic
chemical
shielding
(𝝈𝐢𝐬𝐨 ,
ppm)

Isotropic
chemical
shift
(𝜹𝑪𝑺
𝒊𝒔𝒐 ,
ppm)

Quadrupola
r coupling
constant
(𝑪𝑸 , MHz)

Quadrupol
ar
asymmetry
parameter
(𝜼)

Isotropic
quadrupolar
shift
(𝜹𝟐𝑸
𝒊𝒔𝒐 , ppm)

116.6

EFG tensor
principal
component
(Vzz ,
atomic
units)
-0.484

-71.1

Nucleus
independent
chemical
shift
(𝜹𝑵𝑰𝑪𝑺
𝒊𝒔𝒐 ,
ppm)
-17.5

Total
Calculated
Isotropic
shift
(𝜹𝒕𝒐𝒕𝒂𝒍
𝒊𝒔𝒐 , pp
m)
28.0

6.5

494.4

-16.8

0.24

7

502.9

108.1

-0.377

-13.1

0.15

-42.7

-16.9

48.6

7.5

507.7

103.4

-0.240

-8.4

0.10

-17.2

-16.3

69.9

8

510.4

100.7

-0.146

-5.1

0.05

-6.4

-15.7

78.6

8.5

511.8

99.2

-0.0750

-2.6

0.13

-1.7

-15.2

82.3

9

512.5

98.5

-0.0298

-1.0

0.28

-0.3

-14.6

83.6

9.2

512.6

98.4

-0.0188

-0.7

0.57

-0.1

-14.4

83.9

9.5

512.7

98.3

0.000

0.0

0.06

0.0

-14.1

84.2

10

513.0

98.0

0.000

0.0

0.00

0.0

-13.6

84.4

10.5

513.3

97.7

0.000

0.0

0.01

0.0

-13.1

84.6

The discrepancies between the calculated and average experimental 27Al NMR shifts are a result
of the simplicity of the DFT model, which differ by approximately 5 to 6 ppm for the fully
intercalated electrodes (2.45 V) assuming an interlayer spacing of 9 to 10 Å. First, NICS values
due to ring-current effects are expected to be larger (more negative ppm values) as the diameters
of the coronene-like sheets increase. When the diameters of the coronene-like sheets increase, the
DFT-calculated NICS values begin to asymptote141, approaching a value of approximately 15 ppm
(Figure 4.7). Adding parallel graphene sheets above and below the bilayer to simulate graphite
staging would also add an additional correction. Second, the model consists of an isolated AlCl4molecule and therefore neglects intermolecular interactions among adjacent intercalated anions.
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Figure 4.7 Nucleus-independent chemical shift (NICS) values, associated with ring-current
effects calculated for coronene-like bilayer models with increasing lateral dimensions. The
interlayer spacing is fixed at 9.2 Å

Intermolecular interactions may affect the local molecular geometries of AlCl4- anions, perturbing
their chemical and quadrupolar shifts. Note that homonuclear

27Al–27Al

magnetic dipole-dipole

couplings among intercalated AlCl4- molecules will not affect the 27Al isotropic shift, as the dipolar
Hamiltonian is traceless, but may still contribute to line broadening at 10 kHz MAS. Similarly,
bulk magnetic susceptibility (BMS) effects99,142–144, which arise from electron-nuclear dipolar
coupling interactions and result in local magnetic field inhomogeneities, are not expected to affect
appreciably the 27Al shift. Anisotropic BMS effects due to the ellipsoidally-shaped (non-spherical)
graphite particles could in principle alter the isotropic shift143, though such effects are expected
to be negligible at 10 kHz MAS. Notably, the residual electrolyte in contact with the graphite
particle surfaces (27Al signal at 103 ppm, Figure 4.2) resonates at the same frequency as the neat
electrolyte (Figure 4.1), indicating that BMS effects do not contribute appreciably to the shift.
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Additionally, DFT may not account for the electrostatic interactions between the intercalant and
the graphite host. Charging and polarization of the graphite lattice could be occurring in the
graphite electrode. The carbon electronic structure95,110,145 of the GIC in the actual system is
expected to change with SoC, inducing polarization of the electron density of AlCl4-, which would
modify the strength of the induced magnetic fields when the molecule in placed in an external
magnetic field. When the molecular electronic ground state is no longer a singlet (the spin state
modeled in DFT) and there are unpaired electrons present, additional mechanisms contribute to
the shielding146. For example, Ren et al. used DFT to show that polarizable atoms (e.g.

17O)

confined in carbon nanotubes (CNTs) can significantly increase shielding (e.g., for semiconducting
CNTs, Δδ=-22 ppm) or decrease shielding (e.g., for metallic CNTs, Δδ=+5 ppm).147 For the Algraphite system, the carbon electronic structure of the GIC samples is likely to vary with stateof-charge and with the intercalated composition of the highly-polarizable intercalated
chloroaluminate species. If so, the magnitude of the other physical interactions may change. As
an example, when the voltage increases from point B to D (Figure 4.2), the changing electron
density of the graphite framework due to the removal of electrons may decrease the strength of
the induced ring current effect95 independently of the different d-spacing, yielding a more
deshielded NMR signal.

The range of DFT-calculated
27Al

27Al

isotropic NMR shifts (Table 4.1) is consistent with the broad

:=:->
NMR linewidths observed experimentally. Each calculated 𝛿03=
value represents a single

AlCl4- environment, whereas experimentally broad distributions of local

27Al

environments are

observed that reflect heterogeneity that may be understood, in part, by variations in local AlCl4molecular geometries and local interlayer spacings. This distinction is manifested in the
significant difference between the measured

27Al

transverse T2 NMR relaxation times and

apparent time T2* associated with Fourier transform of the free induction decay (FID) under MAS
alone, i.e., the linewidth. For example, the graphite electrode charged to 2.45 V (Figure 4.2d) has
96

a measured

27Al

T2 of 660 µs, while the value calculated from the linewidth148 alone (90 ppm, or

54 kHz, point D in Figure 4.2b) yields a much shorter T2* value of 5.9 µs. While dephasing of
phase coherence can be the result of multiple effects, to a first approximation, the linewidth of a
single intercalated AlCl4- environment is estimated to be 2 orders-of-magnitude narrower than
the broad 27Al signal observed.

4.4.7

Chloroaluminate Anion Intercalation Mechanism

By analyzing the experimental solid-state NMR measurements in conjunction with the
theoretical quantum chemical calculations, a physical picture emerges of chloroaluminate ion
intercalation into graphite. When the cell is initially charged to 1.90 V (point B, Figure 4.2) the
27Al

NMR shift at 56.7 ppm indicates that the average local geometry of an intercalated AlCl4-

anion is highly distorted, compared to tetrahedral configurations, presumably because the ions
must overcome the van der Waals forces necessary to open the graphite interlayers. Indeed, at
this potential, dilute (non-ordered) graphite staging occurs,42,125 while non-diffusion-limited ion
intercalation suggests shallow penetration depths.67 The results indicate that before the graphite
layers expand to form ordered stages, the intercalating ions adapt distorted molecular geometries,
which may be a key component to understanding the high-rate capabilities demonstrated for
these batteries. Increasing the cell voltage to 2.25 V (point C) and then 2.45 V (point D) results in
greater extents of AlCl4- intercalation and

27Al

NMR shifts of ca. 78 ppm. At these points,

chloroaluminate anions occupy interlayers that are greatly expanded due to their large size. The
27Al

NMR shifts suggesting that the larger interlayer spacings permit AlCl4- anions with less

distorted, near-tetrahedral geometries, which in particular reduces the local EFG and hence
quadrupolar shift. Discharge to 2.15 V results in ion deintercalation yet the average

27Al

NMR

shift remains ca. 78 ppm (point E), indicating similar average chloroaluminate environments.
During discharge to 1.60 V (point F), further ion de-intercalation occurs and the
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27Al

NMR

decreases to 70.6 ppm, indicating that the average AlCl4- anion is slightly distorted. Further
discharge to 0.20 V (point G, Figure 4.2) will de-intercalate the majority of AlCl4- ions, though
some trapped ions remain67 due to the contraction of the graphite d-spacing to 3.3 Å upon full
discharge, as shown by in operando XRD.80 These trapped AlCl4- anions exhibit average

27Al

NMR shifts of 48.8 pm, consistent with highly distorted geometries and large EFGs at the

27Al

nuclei that would decrease the 27Al isotropic shift.

4.5

Conclusions

Solid-state

27Al

MAS NMR spectroscopy was used to probe the molecular-level environments of

chloroaluminate anions intercalated within graphite electrodes at different stages of charge. The
broad

27Al

NMR signals of the intercalated chloroaluminate anions reveal experimentally the

breadth of local disorder and non-ideal staging of the graphite intercalation electrode, both of
which are not captured in diffraction analyses or ideal staging models. The 27Al NMR shifts and
linewidths vary with different extents of ion intercalation. DFT calculations were performed to
interpret the

27Al

NMR shifts in terms of local electronic and magnetic environments. The

intercalant-electrode system was modeled as an [AlCl4-]-coronene bilayer structure, where the
interlayer spacing was varied to simulate environments that distort the molecular geometry of
the AlCl4- anion. The DFT calculations enable the total 27Al isotropic NMR shifts to be understood
quantitatively in terms of chemical shift, ring-current effects (nucleus-independent chemical
shift), and electric quadrupolar couplings. The results establish that the high extents of local
disorder observed in the solid-state

27Al

NMR spectra are in large part due to distributions of

chloroaluminate anions in different molecular configurations. In addition, the results suggest that
the chloroaluminate anions can intercalate even before the graphite layers expand to form
ordered stages by adapting distorted molecular geometries, which may be a key component to
understanding the high-rate capabilities demonstrated in Al-graphite batteries. The solid-state
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27Al

NMR results establish unambiguously the presence of “trapped” chloroaluminate anions

after discharge (ion de-intercalation), which reside in the most distorted environments and reduce
the capacity of the electrode in subsequent cycles. Overall, the combined solid-state NMR and
DFT results reveal a more nuanced molecular-level understanding of the local environments of
intercalated chloroaluminate anions, establishing large extents of local disorder far from the ideal
crystalline-like structures often depicted in graphite staging models.

4.6

Appendix
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Figure A4.1. Scanning electron microscopy (SEM) images with energy dispersive X-ray
spectroscopy (EDS) elemental mapping for graphite electrodes rinsed with (a) anhydrous
methanol (CH3OH) and (b) carbon tetrachloride (CCl4), which were harvested from Al-graphite
cells galvanostatically charged to 2.45 V at 60 mA/g. The results show that anhydrous methanol
was more effective in washing away the excess AlCl3[EMImCl] (molar ratio 1.5:1) ionic liquid
electrolyte from the surfaces of the harvested electrodes. Data was collected using a Helios
NanoLab 660 SEM with an Oxford EDX detector.
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10 kHz MAS (Spin for 6 hrs)

10 kHz MAS (Spin for 1 min)

0 kHz (Static)
400
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Figure A4.2. Solid-state 27Al single-pulse MAS NMR spectra acquired on a fully intercalated
graphite electrode, illustrating the effects of MAS on residual electrolyte. The electrode was
harvested from an Al-graphite cell galvanostatically charged to 2.45 V at 60 mA/g and
subsequently rinsed with anhydrous methanol. A static spectrum was initially acquired (blue), as
well as one after 1 minute of MAS at 10 kHz (red). Electrolyte trapped within the electrode pores
is gradually expelled due to centrifugal forces from sample rotation. The 27Al signal at
approximately 103 ppm, associated with AlCl4- anions in the residual electrolyte, increased in
intensity with increasing MAS time and then equilibrated. All solid-state 27Al MAS NMR
measurements reported in Figure 4.2 were acquired after spinning for 6 hours (green), after
equilibration was achieved.
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Figure A4.3. Nucleus-independent chemical shift (NICS) for a coronene bilayer (diameter = 7.3
Å) as a function of (a) interlayer spacing and (b) lateral displacement of the probe (“ghost”) atom
from the central position with fixed interlayer spacing of 9.0 Å. Inset in (b): DFT-optimized
structure of the coronene bilayer and illustration of the lateral displacement of the probe atom
(purple). Dashed lines are shown to guide the eye.

Table A4.1. DFT-calculations of the principal components of the traceless electric field gradient (EFG) tensor at the
aluminum nucleus for the [AlCl4-]-coronene bilayer system with varying interlayer spacings.
Principal Components of Electric Field Gradient (EFG) Tensor (V)
Interlayer spacing of
Vxx (atomic units)
Vyy (atomic units)
Vzz (atomic units)
[AlCl4-]-coronene bilayer (Å)
6.5
7
7.5
8
8.5
9
9.2
9.5
10
10.5

0.1827
0.1596
0.1075
0.0698
0.0325
0.0107
0.0041
0.000088
0.000008
0.000176

0.3012
0.2177
0.1327
0.0764
0.0425
0.0191
0.0147
0.0001
0.000008
0.000181
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-0.4839
-0.3773
-0.2402
-0.1462
-0.0750
-0.0298
-0.0188
-0.00019
-0.000015
-0.000357
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Tunable

Pseudocapacitive

Intercalation

of

Chloroaluminate Anions into Graphite Electrodes
Figures within and portions of this chapter are based on the manuscript Xu, J. H., Schoetz, T.,
McManus, J., Subramanian V. R., Fields, P.W, Messinger R. J., Tunable Pseudocapacitive

Intercalation of Chloroaluminate Anions into Graphite Electrodes for Rechargeable Aluminum
Batteries, Journal of the Electrochemical Society, 2021, In Review

5.1

Chapter Overview

Rechargeable aluminum-graphite batteries using chloroaluminate-containing ionic liquid
electrolytes have been the focus of significant fundamental and applied research, particularly due
to their high-rate capabilities. Engineered graphite electrodes have been shown to exhibit
supercapacitor-like rate performance, despite the fact they store charge predominantly via
electrochemical intercalation of polyatomic AlCl4- anions. However, the origins of such rate
capabilities are not well understood, including the effects of ion mass transport and the role of
graphite structure. In this chapter, we use electrochemical techniques to quantitatively
disentangle the Faradaic, pseudocapacitive, and capacitive charge storage behavior, revealing
that the AlCl4- anion intercalation process exhibits significant pseudocapacitive characteristics
due to low extents of diffusion limitations. Pristine and mildly exfoliated graphites are compared,
where the latter exhibits significantly higher pseudocapacitive AlCl4- intercalation at the highest
potential redox pair and 15-20% higher galvanostatic capacity retention at rates above 1 A/g
without compromising specific capacity at slower rates. The effects of graphite structure on ion
diffusion and overall rate of electrochemical AlCl4- intercalation are discussed. Overall, the results
establish that chloroaluminate anion intercalation into graphite can be pseudocapacitive and is
tunable via graphite structure, insights that are expected to aid the rational design of graphite
electrodes to harness their high specific powers.
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5.2

Context and Scope

Researchers have shown that electrochemical properties depend significantly on graphite
structure, although the relationship between graphite structure and particular properties of
interest, such as rate capability (i.e., capacity retention when cycled at a specific current), are still
poorly understood. Reports established the capacity and cycle lifetime of Al-graphite batteries by
using pristine, non-engineered graphite electrodes, such as pyrolytic graphite foil (66 mAh/g at
66 mA/g)2, or natural graphite (120 mAh/g at 60 mA/g) as discussed in Chapter 3. Most recently,
studies have focused on modifying the structure of the graphite electrode to improve cycling
performance. For example, Lin et al.2 developed a vapor-deposited graphitic foam electrode that
yielded a capacity of 60 mAh/g and over 7500 cycles at 4 A/g, while Chen et al.31 demonstrated a
high-temperature-annealed “graphene film” electrode that yielded a capacity of 111 mAh/g with
91.7% retention after 250,000 cycles while claiming extremely high specific currents up to 400
A/g. Later, Shen et al. demonstrated rates as fast as 1,000 A/g using a graphene cathode that was
extensively processed via vapor deposition, acid treatment, and supercritical CO2 drying, while
also modifying the Al anode’s grain boundaries with Galinstan “liquid metal”.149 Another
economical and scalable method to modify the graphite structure is to exfoliate bulk graphite to
decrease the c-axis crystallinity.85,150 For example, Zhang et al. ultrasonicated natural flake-like
graphite to exfoliate them into “few-layered graphene,” which were used as electrodes that
exhibited significantly higher capacity of 75 mAh/g, compared to 11 mAh/g for non-exfoliated, at
elevated cycling rates of 4800 mA/g. Graphite exfoliation has also been carried out
electrochemically in a sulfate-containing solution, yielding improved rate capabilities with a
discharge capacity of 120 mAh/g at 2 A/g.151

Despite rapid advances in technological performance, researchers have offered different and
sometimes conflicting explanations as to how modifying the graphite structure can enhance rate
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performance. Not surprisingly, the physical origins of such structure-property relationships
remain unclear, including a quantitative understanding of which processes are rate-limiting. For
example, Ejigu et al. attributed the improved rate capability of electrochemically exfoliated
graphite electrodes to “faster ion insertion kinetics,” while employing a CoSO4 additive that
mitigated surface oxidation.151 However, unless the chemical compositions of the graphite
surfaces are modified significantly, the intrinsic electrochemical kinetics of AlCl4- anion
intercalation is not expected to change. Another hypothesis that has been offered is that
exfoliation increases the intrinsic diffusion of AlCl4- anions within the graphite interlayers.
Indeed, recent computational studies have suggested that the diffusion coefficient of intercalated
AlCl4- anions in three-layer graphene (3.4 × 10-7 cm2/s) is ca. 150 times higher than graphite (2.2
× 10-9 cm2/s), which was ascribed to enhanced structural flexibility, though AlCl4- interlayer
diffusion approaches bulk behavior at approximately 6 layers.152 To observe this effect in a bulk
electrode, the majority of graphite particles would need to be exfoliated to few-layered graphene
(≲6 layers), but this would also result in a significant decrease in capacity attributed to AlCl4intercalation due to fewer available interlayers. In addition, significant capacity would instead
arise from AlCl4- electrosorption at graphite surfaces (basal planes), which would be expected
thermodynamically to occur at potentials different than intercalation. Thus, for many of the Algraphite systems reported in the literature with modified graphite electrodes, enhanced rate
performance is neither a consequence of intrinsically faster electrochemical intercalation kinetics
nor faster solid-state diffusion of AlCl4- anions within the graphite interlayers.

Faster rate performance due to graphite structure modification instead lies in enhanced rates of
the overall electrochemical intercalation process, which involves the interplay between ion mass
transport and electrochemical kinetics. Physically, the maximum rate is determined by the
intrinsic electrochemical kinetics that govern the AlCl4- intercalation reaction. Ion mass transport
processes can only slow down the overall intercalation process and are often rate-limiting,
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yielding a slower “apparent” rate. In terms of charge storage mechanisms, the electrochemical
intercalation of AlCl4- anions into graphite is Faradaic charge storage that results from a redox
reaction in which electrons are transferred across an interface. Faradaic charge storage can be
further classified into diffusion-limited and non-diffusion-limited charge storage, where the latter
is “pseudocapacitive.” Pseudocapacitive charge storage thus describes a non-diffusion-limited
redox reaction such that the rate of mass transport of the electroactive species to the electrode
surface is very fast, compared to the rate of electrochemical intercalation reaction, giving rise to
electrochemical responses that have similar characteristics to that of a capacitor.
Pseudocapacitive vs. diffusion-limited Faradaic contributions thus depend upon the system as
well as experimental parameters. True capacitive charge storage, which arises from the physical
separation of charges, occurs here within the electrochemical double layer at the electrodeelectrolyte interface but is small due to the low surface areas of the graphites.67 Ion mass
transport is negligible for capacitive charge storage.

Technologically, there is great interest to control and enhance pseudocapacitive behavior in
batteries to enable energy storage devices with simultaneous high-power and high-energy.153
Various electrode materials including transition metal oxides154, metal organic framework155,
conductive polymers156 and carbon-based157 have demonstrated pseudocapacitive behavior.
Indeed, we recently demonstrated that AlCl4- anion intercalation into pristine graphite electrodes
was not purely diffusion-limited over typical CV scan rates,67 in contrast with purely diffusionlimited Li+ cation intercalation into graphite in organic electrolytes.84 Instead, AlCl4- intercalation
was either effectively reaction-limited or within a mixed reaction/transport-limited regime,
depending on the extent of intercalation (state-of-charge) and graphite type (e.g., natural vs.
pyrolytic graphite).67 This result was initially surprising considering the size of sterically bulky,
polyatomic AlCl4- ions (5.28 Å diameter)76 compared to atomic ions such as Li+ (0.72 Å diameter).
But the Al-graphite battery chemistry exhibits many unique features that indicate that
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electrochemical intercalation of AlCl4- is a faster and more facile process than expected. For
example, while there have been reports of electrolyte degradation products on the graphite
surfaces observed via ex situ characterization methods,158 there is no evidence to date of a true
solid electrolyte interphase (SEI) forming on graphite cathodes in chloroaluminate ionic liquids.
Both diffusion limitations and charge-transfer resistance at the electrolyte-electrode interface are
expected to be lower in the absence of an SEI. In addition to weak ion desolvation penalties in the
electrolyte,90 we recently revealed via solid-state

27Al

NMR spectroscopy that AlCl4- anions can

intercalate even before the graphite layers expand to form ordered stages by adapting distorted
molecular geometries that deviate from tetrahedral configurations, which may play a role in fast
rate performance.159 Meanwhile, computational results predict that solid-state diffusion of AlCl4within the graphite interlayers can occur faster than expected, citing favorably low diffusion
barriers91,130, the dynamically-changing ion molecular geometries,159,160 as well as the cooperative
movement and change in stacking of the graphene sheets.129 However, the physical origins of the
high-rate capabilities in Al-graphite batteries are still not well understood, including the
enhancements obtained by engineering the graphite structure, as there have been no studies to
date that have quantitatively disentangled diffusion-limited Faradaic, pseudocapacitive, and
capacitive charge storage behavior.

Here, we disentangle the physical charge storage mechanisms and their rate dependencies,
revealing that the AlCl4- anion intercalation process exhibits significant pseudocapacitive
characteristics over common experimental conditions. Using exfoliated graphite as a model
material with tunable structure and pristine graphite as a reference, we found that ion mass
transport in the porous electrode played a key role in controlling the overall rate of intercalation
at higher potentials and faster rates, while pseudocapacitive intercalation can be enhanced by
reducing the electrode tortuosity and pore accessibility to the electrolyte. Graphite structures
were analyzed with electron microscopy, X-ray diffraction (XRD), X-ray photoelectron
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spectroscopy (XPS), and nitrogen adsorption measurements. Variable-rate galvanostatic cycling
and cyclic voltammetry (CV) analyses were conducted to quantify capacity retentions and
decouple diffusion-limited Faradaic, pseudocapacitive, and capacitive contributions to the current.
Electrochemical impedance spectroscopy (EIS) was used to measure the interfacial charge
transfer resistances and apparent ion diffusion coefficients at different states-of-charge, which
were rationalized and correlated with the charge storage contributions elucidated by CV analyses.
The results yield insights not only into the rate enhancements associated with exfoliated graphite
electrodes, but also into the unique electrochemical intercalation process of chloroaluminate
anions into graphite electrodes.

5.3

Experimental details

5.3.1

Graphite Exfoliation

Exfoliated synthetic graphite was synthesized via dispersing 100 mg of synthetic graphite powder
(TIMCAL Timrex KS44) in 10 mL of 1-methyl-2-pyrrolidinone (NMP, Fisher Chemical, Lot #
184833) (Figure 5.1). Exfoliation was conducted by submerging vials in an ultrasonic bath
(Elmasonic P30H) at 80 kHz for 120 mins. After exfoliation, the dispersion was centrifuged at
3000 RPM (or 1360 x g RCF) for 5 min (Eppendorf 5702), yielding smaller particles dispersed in
the NMP solvent (top fraction) and larger particles along the bottom and side of the centrifuge
tubes (bottom fraction). The top fraction dispersion was removed by pipetting and not used for
the electrodes due to their small lateral size and/or extreme thinness. The remaining heavy
fraction dispersion was dried at 110°C under vacuum (7 in Hg) for 12 h to recover the heavy
fraction exfoliated graphite particles.
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Figure 5.1 Experimental method of liquid-phase exfoliation treatment.

5.3.2

Electrode Construction and Cell Assembly

Composite electrodes were constructed using either pristine or exfoliated graphite (heavy fraction
only) and polyvinylidene fluoride (PVDF) binder (Sigma-Aldrich, avg. molecular weight 534000
g/mol) in a mass ratio of 90:10. An electrode slurry was prepared by mixing the graphite and
binder with NMP (~2 mL/ mg of solid material). The electrode slurry was pasted on molybdenum
(Mo) foil current collectors (Alfa Aesar, 99.95%, 0.025 mm thick) using a doctor blade set to a
thickness of 300 µm. After vacuum drying at 110 °C for 12 h, the dry electrode film thickness was
approximately 100 µm. The electrodes used for battery cells were 6-mm diameter disks with an
active graphite mass of ca. 1 mg, corresponding to a mass loading of 5 mg/cm2. The porosity of the
composite electrodes was estimated to be 50% for both pristine and exfoliated graphites via
1 − 𝜌7>74:.=@7 /𝜌G-:7.0->3 , where 𝜌7>74:.=@7 is the density of the electrode disk and 𝜌G-:7.0->3 is the tap
density of the material components (i.e., 1.9 g/cm3 for KS44 graphite and 1.74 g/cm3 for PVDF).
Cells were assembled in air-tight polytetrafluoroethylene (PTFE) unions (Swagelok, ¼-in (6.35mm) diameter) under argon atmosphere in a glovebox (<1 ppm O2 and <1 ppm H2O) with graphite
as the positive electrode, aluminum metal foil (MTI, 99.99%, 0.1 mm thick ) as the negative
electrode, AlCl3:[EMIm]Cl (Iolitec, 1.5:1 molar ratio) ionic liquid as the electrolyte (30 µL), a fiber
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glass separator (Whatman GF/D), and molybdenum current collector rods (Torrey Hills
Technologies). Open circuit potentials (OCP) were approximately 1.65 V.

5.3.3

Electrochemical Cycling

Galvanostatic cycling was performed with an Arbin LBT battery tester with upper and lower
potential cut-off limits of 2.45 V and 0.50 V, respectively. Cyclic voltammetry (CV) was performed
using a Biologic VSP-300 potentiostat and a two-electrode Swagelok-type cell geometry with
aluminum foil as a quasi-reference electrode. Two-electrode cells were used to ensure identical
cell geometry between the CV and galvanostatic measurements. Note that two- and threeelectrode CV measurement yielded very similar results. Each CV scan began at the OCP followed
by increasing potential to the upper limit (2.45 V), down to the lower limit (1.00 V), and then
increasing again until the OCP was reached. CV scan rates ranging from 20 µV/s to 3 mV/s were
used. All electrochemical measurements were performed under ambient temperature. All specific
capacities are reported per mass of graphite. Analyses of variable-rate CV peak currents (ip) were
performed by (1) the exponential scaling (b-value) method, where ip was selected as a local
maxima that shifts slightly over the range investigated here, and (2) Dunn’s method,86 which
assumes that ip responses occur at a fixed cell potential across different CV scan rates. Thus,
small discrepancies may be expected between the exponential b-value and the fraction of
pseudocapacitive/Faradaic contributions, as a function of cell potential.

5.3.4

Electrochemical Impedance Spectroscopy (EIS)

Potentiostatic electrochemical impedance spectroscopy (PEIS) was performed on three-electrode
Swagelok-type cells (Figure 5.2) using a Biologic VSP-300 potentiostat. A frequency range from
10 mHz to 500 kHz with 10 points per decade in logarithmic spacing and an alternating current
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(AC) amplitude of 10 mV were used. New cells were subjected to two formation cycles via cyclic
voltammetry at a scan rate of 1 mV/s before EIS measurements. Immediately prior to each EIS
measurement, linear sweep voltammetry (LSV) at 1 mV/s was used to charge/discharge the cell
to the main cell potentials (vs. Al/Al3+) that correspond to CV peaks (1.9 V, 2.0 V, 2.1V, 2.35 V
during charging; 2.2 V, 1.8 V, 1.7 V during discharging), and the cell potential was maintained for
5 min to ensure equilibrium conditions. Total Harmonic Distortion (THD) and the Non-Stationary
Distortion (NSD) analyses were conducted to test the causality/linearity and stability of the EIS
measurements, respectively, which varied by less than 5% across the entire frequency range
(Figure A5.1)

Al metal foil (RE)

Al metal foil (CE)

Mo rod

Mo rod

Graphite (WE)

Fiberglass separator + Electrolyte
Figure 5.2 Three-electrode cell geometry used for EIS measurements.

5.3.5

Galvanostatic Intermittent Titration Technique (GITT)

Cells were first subjected to three galvanostatic discharge/charge cycles at 60 mA/g prior to any
GITT measurements. Galvanostatic pulses at 60 mA/g were applied for 300 s using potential
cutoffs of 2.45 V and 0.5 V during charging and discharging, respectively. The rest duration
between pulses for both charging and discharging was 3 h. The internal resistance (IR) of the cell
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was measured at the beginning of each current pulse using the Arbin IR-control algorithm, which
generates 10 current pulses of 20 ms with amplitudes of ± 60 mA/g.

5.3.6

Electron Microscopy

A FEI Titan Themis 200 kV transmission electron microscope (TEM) was used to probe the
nanoscale structures of pristine and exfoliated graphites. Graphite samples were dispersed in
ethanol, transferred to a TedPella lacey carbon 400 mesh grid, and then vacuum dried at 60 °C
for 2 h.

5.3.7

X-ray Diffraction

An X’Pert powder X-ray diffractometer (XRD) equipped with a Cu K-α radiation source (λ =0.154
nm) was used to measure the periodic ordering of the graphites. A scan rate of 0.5 (°2θ/min) was
used to scan a 2θ range of 20°- 60°.

5.3.8

X-ray Photoelectron Spectroscopy (XPS)

A PHI Versaprobe II X-ray photoelectron spectrometer with Al Kα X-rays (hν = 1,486.6 eV, spot
size = 200 µm, 45° measuring angle) was used to analyze the surface chemical composition of
graphite. Pristine graphite was soaked in NMP for 2 h (without ultrasonication) and then dried
at 110°C under vacuum (7 in Hg) for 12 h so that the results can be directly compared to those of
exfoliated graphite. The source potential and emission current were 15 kV and 4 mA, respectively.
Adventitious carbon was removed from the samples via Ar+ irradiation for 10 min at 1 keV.
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Deconvolution of the C1s spectrum was performed with PHI MultiPak software using a Shirley
background subtraction.

5.3.9

Nitrogen Sorption

N2 sorption measurements were used to measure the specific surface area of pristine and
exfoliated graphites (raw material, not the composite electrode) using a Micromeritics ASAP 2020.
The pristine graphite was dispersed in NMP and soaked for 2 h, then dried at 110°C under
vacuum (7 in Hg) to subject it to the same treatment as the exfoliated graphite so that it can be
directly compared to exfoliated graphite. The samples were degassed at 150°C for 12 h prior to
isotherm determination in the relative pressure range of 0.1< P/P0 <1.0. The BET specific surface
area was determined using the isotherm range of 0.1< P/P0 <0.3, while the pore volume was
determined at P/P0 = 0.990 using Gurvich’s rule,161 which assumes that the adsorbed N2 condenses
inside the pores at P/P0 ≈ 1.0.

5.4

Results and discussion
5.4.1

Structures and Surface Compositions of Graphites

The effects of mild liquid-phase ultrasonic exfoliation on graphite structure and surface
composition were revealed by transmission electron microscopy (TEM), X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS) and BET N2 adsorption analyses (Figure 5.3). TEM
showed that pristine synthetic graphite exhibits a highly crystalline, layered structure of stacked
graphene layers along the c-axis (Figure 5.3a). After exfoliation and centrifugation of pristine
graphite, two types of exfoliated graphite (light and heavy fractions) were generated. Heavy
fraction particles exhibited thinner crystallite heights and some folding at flake edges (Figure
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5.3b). The light fraction, which consisted of very thin and laterally smaller flakes that were
cleaved off of bulk particles (Figure A5.2), was separated via centrifugation, and was not used in
the electrode to reduce the distribution of particle sizes and thicknesses. For both graphite types,
Moiré fringes were observed due to interference of overlapping crystallites with different
rotational orientations (Figure 5.3a-b). XRD yielded a characteristic diffraction pattern of
graphitic carbon for both the pristine and exfoliated samples (Figure 5.3c). These patterns
revealed that ultrasonic exfoliation did not alter the bulk graphite interlayer d-spacing, as
indicated by the negligible change in the position of the (002) reflection at ca. 2θ =26°. XRD thus
establishes that mild ultrasonic exfoliation preserves sufficient long-range molecular-scale
ordering of the graphite structure, as few-layered or monolayer graphene would result in the
absence of the interlayer (002) reflection. No graphene oxide was observed, as evidenced from the
lack of a characteristic graphene oxide peak at 2θ=11°.162

Figure 5.3 Comparison of surface and bulk properties of pristine and exfoliated (heavy fraction)
graphites via (a-b) TEM (c) XRD (d-e) XPS and (f) N2 adsorption.
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To further characterize the surface chemical composition of graphite, XPS was used to quantify
the relative sp2 and sp3 carbon bonding environments as well as oxygen defects on the graphite
surfaces (Figure 5.3c-d). Deconvolution of the C1s photoelectron spectrum revealed three
components: (i) an asymmetric peak (80% Gaussian) centered at ~284 eV attributed to sp2 carbons
that are characteristic of ordered graphite, (ii) a symmetric peak (95% Gaussian) centered at ~285
eV attributed to sp3 carbons that are associated with dangling, terminal C-C bonds at edge sites68
and (iii) a symmetric peak (100% Gaussian) centered at ~289 eV that is likely associated with
C=O and/or O–C=O states70 at edge sites, indicating the presence of oxygen defects as well as
residual NMP solvent. Within experimental and fitting error, the relative concentrations for each
component are the same for pristine and exfoliated graphite, establishing that the mild exfoliation
treatment does not modify the surface chemistry of the graphite particles.

Nitrogen adsorption isotherms (Figure A5.3a) were used to analyze the surface area and pore
volumes of the raw graphite materials. The similar Type II isotherms of pristine and exfoliated
graphite indicated that the two materials possess similar nonporous structures and gas
adsorption properties.161 Consequently, Brunauer–Emmett–Teller (BET) analysis of the isotherm
yielded modestly higher surface area for pristine graphite (5.2 m2/g) compared to exfoliated
graphite (4.5 m2/g). Likewise, the pore volume was estimated to be modestly higher for pristine
graphite (0.025 cm3/g) than for exfoliated graphite (0.020 cm3/g) (Figure 5.3f). These similar
values between graphite type indicate that while the mild exfoliation process alters the c-axis
thickness, it does not significantly alter the specific surface area or total pore volume associated
with interparticle void spaces. Additionally, BJH pore size distributions of pristine and exfoliated
graphites show similar distributions for both graphite types (Figure A5.3b). However, these pore
size distributions should be used solely for comparing the graphite types, as opposed to detailed
quantitative interpretations, as BJH pore size analyses are of limited accuracy for nonmicroporous materials such as the pristine and exfoliated graphite investigated here.
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5.4.2

Electrochemical Cycling of Al-Graphite Cells

Electrochemical cycling of pristine and exfoliated graphite cathodes revealed similar
electrochemical behavior and cell-level performance at lower rates, but significant differences at
faster rates. At a relatively slow cycling rate (60 mA/g), both pristine and exfoliated graphite
yielded the same specific discharge capacity (78 mAh/g), indicating a similar number of accessible
intercalation sites that yields an estimated maximum composition of C28[AlCl4].67 Furthermore,
both graphite types exhibited graphite staging transitions at nearly identical cell
potentials,2,67,74,163 as shown by the similar differential capacity curves (Figure 5.4b) and cyclic
voltammograms (Figure 5.4c).

Figure 5.4 Low-rate electrochemical characterization of Al-graphite cells containing pristine or
exfoliated graphite cathodes via (a) galvanostatic cycling (Cycling rate = 60 mA/g), (b) the
corresponding differential capacity analysis, and (c) cyclic voltammetry (Scan rate= 20 µV/s).
The peaks exhibited by the exfoliated graphite further indicate that after the exfoliation
treatment, the structure remains sufficiently crystalline to support intercalation reactions with
periodic graphite staging. To test the hypothesis that the structure of exfoliated graphites
enhances rate capability, i.e., higher capacity retention at increasing galvanostatic discharge
rates, variable-rate galvanostatic cycling was conducted for pristine and exfoliated graphite
cathodes. Galvanostatic tests were conducted at rates up to 3.8 A/g, or 64 times higher than the
baseline current density of 60 mA/g (Figure 5.5a,b). Across all tested rates, exfoliated graphite
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showed a higher retention of discharge capacity. For example, at 960 mA/g, exfoliated graphite
yielded an average 70% capacity retention higher than the 47% capacity retention for pristine
graphite at the same rate (Figure 5.5c). Insights into the observed high-rate performance behavior
of exfoliated graphites were elucidated using variable-rate cyclic voltammetry (Figure 5.6a,b). At
slow rates, the voltammograms of exfoliated and pristine graphite were qualitatively similar
(Figure 5.4b). However, voltammograms obtained at faster scan rate of 3 mV/s (Figure 5.6c,d,
black line) showed that exfoliated graphite exhibits higher specific current at the 2.3 V/2.2 V
charge/discharge couple than pristine graphite does, consistent with the higher degree of
pseudocapacitive behavior in the exfoliated materials at these potentials, as shown below.
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Figure 5.5 Galvanostatic cycling as a function of increasing specific current for Al-graphite cells
containing (a) exfoliated and (b) pristine graphite. For each rate, the 10th cycle is shown. (c)
Fraction of retained discharge capacity with increasing specific current. Uncertainty bars
represent the standard deviation about the mean value of 3 cells.
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5.4.3

Electrochemical Analyses via Variable-Rate CVs

Similar to the analysis described in 3.4.5, the capacitive and non-capacitive charge storage
processes were first disentangled via ip=avb , where b is an exponential scaling term between 0.5
and 1. Electrochemical processes that exhibit the square-root scaling ip~v0.5 (b=0.5) are Faradaic
reactions that are completely diffusion-limited, whereas the linear scaling ip~v (b=1) indicates
either capacitive and/or pseudocapacitive behavior, where the latter are simply Faradaic
reactions that are non-diffusion-limited (i.e., reaction-limited). Note that this scaling analysis
cannot distinguish the similar electrochemical responses of pseudocapacitive and capacitive
behavior, so we denote the combination of the two as “(pseudo)capacitive.” However, the true
capacitive contribution arising from electric double layer (EDL) charging can be quantified via
first integrating the CV curve with respect to time across a region ΔE where the current is
independent of the potential (flat region) and scales like ip~v1 (here ΔE from 1.0 – 1.5 V, cathodic
scan), yielding the charge Q arising from the EDL within this region. The specific capacitance C,
which is a constant, can then be calculated according to C=Q/ΔE. Both pristine and exfoliated
graphites had a specific capacitance C of 2 mF/m2. This specific capacitance is independent of
potential and can therefore be applied to the entire potential window of the CV (1.0 – 2.45 V). As
shown below, pseudocapacitive contributions to the current are dominant over EDL capacitive
contributions, establishing that any non-diffusion-limited behavior is indeed a result of the
Faradaic electrochemical intercalation of AlCl4- anions into graphite.

Applying the above analyses to pristine and exfoliated graphite revealed a striking difference
between the two graphite types, in which pristine graphite exhibited b~0.5 at the high-potential
charge/discharge couple (2.35 V/2.2 V) (Figure 5.6b), indicating Faradaic charge storage. At all
other states-of-charge, both graphite types exhibited a mix of Faradaic and (pseudo)capacitive
behavior (0.8 < b < 0.9) (Figure 5.6a-b).
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Figure 5.6 CVs conducted at increasing scan rates (0.07 – 3 mV/s) on Al-graphite cells containing
(a) exfoliated and (b) pristine graphite cathodes. (a-b) The “b-values” were calculated by tracking
the relative maxima of current peaks at select cell potentials. The fast CV scan (3 mV/s) was
analyzed to decouple non-diffusion-limited pseudocapacitive and diffusion-limited Faradaic
contributions to the overall current for (c) exfoliated graphite and (d) pristine graphite.

The different charge storage mechanisms can be further quantitatively decoupled as a function
of potential by expanding on the current scaling relationships noted above. Mathematically, the
total current can be expressed as a linear combination of (pseudo)capacitive and diffusion-limited
Faradaic contributions via86

0()(*+ (V)
X ,..

= 𝑘8 𝑣 6.C + 𝑘$

Eqn. 5.1
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where k1 and k2 represent the fraction of current that exhibits a (pseudo)capacitive and diffusionlimited Faradaic electrochemical response, respectively. These contributions k1 and k2 can be
calculated from the slope and y-intercept, respectively, of the linear regression of the total current
𝑖:=: /𝑣 6.C vs. the square-root of the CV sweep rate 𝑣 6.C . Consequently, this analysis enables
quantitative deconvolutions of the CVs into (pseudo)capacitive and diffusion-limited Faradaic
current contributions (Figure 5.6c-d). At a faster CV scan rate of 3 mV/s, for example, the
integrated charge contributions for exfoliated graphite were 76% pseudocapacitive (Qpseudo= 318
mAs), 17% diffusion-limited Faradaic (QFaradaic= 71 mAs) and 7% capacitive (QEDL= 28 mAs).
Exfoliated graphite exhibited a larger total pseudocapacitive contribution than pristine graphite
(76% vs. 67%) and consequently less diffusion-limited Faradaic contributions (17% vs. 26%),
where the main differences occur at higher potentials. Indeed, exfoliated graphite exhibited
significantly greater pseudocapacitance at the high-potential coupled peaks (2.2/2.3 V) that
account for approximately 30% of the total capacity (at 3 mV/s), consistent with the scaling
analysis above. Note that the true capacitive contributions are small (7%), an expected result due
to the low specific surface areas (ca. 5 m2/g) of the graphites compared to their total theoretical
interlayer surface area.6 Overall, these results are consistent with mild exfoliation: anions can
more easily diffuse to and access the intercalation sites at the graphite particle edges, including
at high rates.

5.4.4

Electrochemical Analyses via EIS

EIS measurements were performed at key states-of-charge to further characterize the interplay
of pseudocapacitive and Faradaic processes that occurs at the graphite cathode during cycling.
The impedance data represented in complex plane plots (Nyquist plots, Figure 5.7a-d), where Z’(Ω)
and Z”(Ω) are the imaginary and real components of the complex impedance, show key differences
in the (i) slope of the low-frequency “tail” due to varying ion mass transport limitations as a
120

function of state-of-charge and (ii) diameter of the semi-circle, linked to the charge transfer
resistance. Equivalent circuit analysis was performed with a simple circuit model (Figure 5.7e)
which comprises a (i) resistor (R1) to model inner cell resistances (e.g., due to electrolyte and
separator), (ii) a constant phase element44 (Q) along with a resistor (R2) in parallel to model the
charge transfer resistance electrode-electrolyte interface44 and (iii) a Modified Warburg
element164 (𝑀Y ) to model the finite-length ionic diffusion occurring between the region of the
surface edge plane and the bulk interlayers. The inner resistances (R1) were determined to be ~15
Ω for both graphite types. Note that a constant phase element (instead of an ideal capacitor) was
used to account for heterogeneities arising from pore and particle size distributions165 as well as
surface energy distributions due to disorder at edge sites166. Additionally, a Modified Warburg
element was used instead of the semi-infinite Warburg element to more accurately model the
finite-length diffusion typical for insertion electrodes.164
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Figure 5.7 Nyquist plots of EIS experiments conducated at various states-of-charge for Algraphite cells containing (a-b) exfoliated and (c-d) pristine graphite cathodes. Annotated
frequency values refer to the point at the “elbow” formed by the semi-circle and the linear tail.
Solid lines are fits from the equivalent circuit model (e).

EIS revealed the varying charge-transfer resistances and diffusion-limitations exhibited by the
charging process, during which the density of ions intercalated within the interlayers is
increasing. During charging to cell potentials beyond 1.9 V, the increasing ionic concentration
gradient in the bulk porous electrode yields a higher charge transfer resistance at the
electrode/electrolyte interface, as shown by the increasing semi-circle diameters (R2, Table 5.1).
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Table 5.1 EIS Fit Parameters for Semi-circle (CPE and Resistor in parallel)
Exfoliated

Pristine

Q (F/s)

R2 (Ω)

⍺*

Q (F/s)

R2 (Ω)

⍺*

1.9 V (Charge)

1.11E-03

27.0

0.71

8.00E-04

29.5

0.77

2.0 V (Charge)

9.99E-04

33.0

0.72

3.60E-04

41.0

0.85

2.1 V (Charge)

8.67E-04

39.0

0.75

1.80E-04

46.5

0.87

2.35 V (Charge)

1.19E-03

29.0

0.64

6.21E-06

39.0

0.88

2.2 V (Discharge)

1.43E-03

37.8

0.61

9.00E-04

60.0

0.75

1.8 V(Discharge)

1.51E-03

40.8

0.67

4.70E-04

49.6

0.86

1.7 V (Discharge)

1.78E-03

39.0

0.69

5.25E-04

48.7

0.88

8

*⍺ ranges from 0<⍺<1, where 𝑍+ZV (𝑓) = L([$\O)/ [165]

Between graphite type, the semi-circle was smaller for exfoliated graphite than for pristine
graphite. For example, at 2.35 V, exfoliated graphite yielded a lower R2 (29 Ω) than pristine
graphite (39 Ω) did, which suggests reduced charge transfer resistances at the particle interface.
This lower resistance is directly related to the increased pseudocapacitive behavior (nondiffusion-limited mass transport) in exfoliated graphite. It is thus apparent that the exfoliation
process alters the graphite structure in a way that minimizes concentration gradients and hence
diffusion limitations. Due to the higher pseudocapacitive contribution, the corresponding
magnitude of the constant phase element parameter was orders-of-magnitude higher for
exfoliated graphite (Q =1.19×10-3 F/s) compared to that of pristine graphite (Q = 6.21×10-6).
Additionally, the deviation from a perfect semi-circle shape can be described by the depression
factor 𝛼 (-1<𝛼<1; derived from the CPE element). The depression of the semi-circle (a lower 𝛼
value) is typically attributed to pseudocapacitive contributions. Overall, at all cell potentials,
exfoliated graphite exhibited modestly higher depressions of the semi-circle (0.61<𝛼<0.71, Table
5.1) than pristine graphite (0.75<𝛼<0.88). Next, analyzing the low-frequency tail of the Nyquist
curves that corresponds to the timescale at which ion diffusion occurs, exfoliated graphites exhibit
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slopes of ~82° during charging at 1.9, 2.0, and 2.1 V, and ~75° at 2.35 V, consistent with the lack
of pure diffusion-limitations as shown by b>0.5 and variable-rate CV analysis (Figure 5.6a). On
the other hand, pristine graphite exhibits a lower-sloped tails of ~50-60° during charging at 1.9,
2.0, and 2.1 V, and ~40° at 2.35 V (Figure 5.7a), indicating higher diffusion-limitations. This result
suggests that AlCl4- intercalation in the region defined by the edge plane to the deep interlayers
of the graphite particle is more facile for exfoliated graphite (Figure 5.7b), which is quantitatively
interpreted below via the diffusion coefficient DEIS.

EIS also revealed the interfacial and transport behavior during the discharge process, where ions
are either (i) diffusing through the bulk interlayers towards the edge sites or (ii) disinserting from
the edges and into the bulk electrolyte. At a cell potential of 2.2 V, pristine graphite exhibits a
nearly 45°-sloped (Figure 5.7d) low-frequency tail and a significantly higher charge transfer
resistance (R1= 60 Ω) than that of exfoliated graphite (~75° slope, R1 = 38 Ω), which establishes
that diffusion-limited mass transport is more prevalent than pseudocapacitive deintercalation at
the edges of pristine graphite, consistent with b=0.5 (Figure 5.6b). After further discharge to 1.8
V and 1.7 V, pristine graphite exhibits a nearly vertical low-frequency tail that resembles an ideal
capacitor. The ions that have diffused out of the interlayers accumulate at the electrode surface
due to high diffusion limitations in the pores. This effectively traps the ions remaining in the
graphite, and any additional ion movement resembles capacitive double-layer discharging (also
shown by Bode plot, discussed below). Exfoliated graphite, on the other hand, maintains lower
charge transfer resistances (shown by smaller semi-circle diameters). Also, overall lower diffusion
limitations are observed as shown by higher slopes in the low-frequency region during discharge
at all cell potentials tested (Figure 5.7b), except at 1.8 V and 1.7 V where pristine graphite exhibits
capacitive double-layer discharging.
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The phase angle (ɸ), represented by Bode plots as a function of frequency (Figure 5.8), is another
parameter that reveals the different charge storage contributions. The phase angle ɸ is defined
as
𝜙 = 𝑡𝑎𝑛'8 k

𝑍 ] (⍵)
p
𝑍"(⍵)

Eqn. 5.2
Certain values of 𝜙 indicate non-capacitive (Faradaic or pseudocapacitive) or capacitive charge
storage. A phase angle of ɸ=-90° represents non-diffusion limited or (pseudo)capacitive behavior,
while an angle of ɸ=-45° (consistent with the Warburg element) represents diffusion-limited or
Faradaic behavior.43 For example, at low-frequencies where mass transport processes are
dominant (e.g., 0.01 Hz), exfoliated graphite exhibits a greater (pseudo)capacitive response
(|ɸ|>45°) than pristine graphite at all measured cell potentials (Figure 5.8a-b). At 0.01 Hz,
pristine graphite exhibited phase angles nearer to ɸ=-45° (Figure 5.8e-f), indicating Faradaic
behavior. Additionally, a phase angle of ɸ=0° represents pure resistive behavior in which there is
no ionic movement at all.43 Analyzing the higher-frequency segments of the Bode curve, the phase
angle of pristine graphite reaches an asymptotically low value (|ɸ|<10°) at a lower frequency
(e.g., 0.05 Hz at 2.35 V, Figure 5.8g) than exfoliated graphite does (e.g., 0.26 Hz at 2.35 V, Figure
5.8c), which is consistent with the fact that charge transfer resistance effects are observed over a
wider range of timescales for pristine graphite (also represented by the larger semi-circles in
Figure 5.8c-d) due to its decreased accessibility of active sites and higher potential gradients. Note
that the anomalous capacitive discharge behavior at 1.8 V and 1.7 V observed for pristine graphite
is consistent with the rapid decrease to ɸ= -5° with increasing frequency, suggesting virtually no
ion movement after the initial capacitive discharging (Figure 5.8h).
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Figure 5.8 Bode plots for Al-graphite cells containing (a-d) exfoliated graphite and (e-h) pristine
graphite, showing the dependance of the (a,b,e,f) overall impedance Z and (c,d,g,h) phase angle
(ɸ) as a function of frequency.

5.4.5

Diffusion Coefficient of AlCl4- into Graphite

The apparent diffusion coefficient of AlCl4- anions within the composite graphite electrodes was
estimated using EIS. Note that GITT measurements are another common method to estimate ion
diffusion coefficients in battery electrodes. However, since GITT models assume pure diffusion
limitations, GITT analyses will not accurately quantify ionic diffusion associated with AlCl4intercalation into graphite due to the significant non-diffusion-limited pseudocapacitive processes
elucidated above. Nevertheless, as an exercise for comparison, GITT measurements were
performed for both graphite types. During GITT measurements, potential changes are measured
during and after galvanostatic pulses, while the latter are fit to a diffusion-limited model as the
potential relaxes to its equilibrium value (Figure 5.9).
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Figure 5.9 One cycle of a representative GITT test of a two-electrode Al-graphite cell containing
exfoliated graphite.
By applying a sufficiently short galvanostatic pulse where t<<L2/D, for which 𝑑𝐸/𝑑√𝑡 can be
considered linear, the ionic diffusion coefficient can be estimated via167

𝐷!"## =

4
𝑛G 𝑉G $ Δ𝐸3 $
w
y w
y
𝜋 𝜏 (𝑆𝑆𝐴) 𝑚
Δ𝐸:
Eqn. 5.3

where 𝐷!"## (cm2/s) is the diffusion coefficient of AlCl4- anions, 𝜏 (s) is the current pulse duration,
𝑛G is moles of graphite, 𝑉G (cm3/mol) is the molar volume, 𝑆𝑆𝐴 (cm2/g) is the specific surface are,
𝑚 (g) is the active cathode molar mass, 𝛥𝐸3 (V) is the potential change after the long relaxation
step, and 𝛥𝐸: (V) is the potential change during constant current pulse minus the ohmic (IR) drop.
Applying Eqn. 5.3 with the experimental parameters in Table 5.2 yielded DGITT values ranging
from 10-14 to 10-17 cm2/s (depending on state-of-charge) (Figure 5.10)
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Table 5.2. Parameters used to calculate 𝐷!"##
Graphite Electrode: Active Material Properties
Molar Mass (g/mol)
12.01
3
Molar Volume (cm /mol)
5.37
Specific Surface Area (cm2/g)
45,000 (Exfoliated)
52,000 (Pristine)
Mass of active cathode (g)
1 x 10-3
GITT Experimental Parameters
Pulse duration, charge & discharge (s)
240
Current density (mA/g)
60
Rest time between pulses (s)
10,800
Minimum cut-off potential (V)
0.5
Maximum cut-off potential (V)
2.45

Figure 5.10 Apparent ionic diffusion coefficients measured by GITT, as a function of cell potential,
for pristine and exfoliated graphite cells.
In particular, for battery intercalation electrodes, GITT models typically assume that solid-state
ion diffusion within the host structure is the rate limiting step, while ion transport in the
electrolyte and electrochemical reaction kinetics are considered to be fast processes compared to
solid-state diffusion.168 For this reason, the GITT model assumptions are not valid for the Algraphite system investigated here. DGITT values ranged from 10-14 to 10-17 cm2/s, depending on
state-of-charge (Figure 5.10). For comparison, the diffusion of Li+ into graphite169 yields Li-ion
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diffusion coefficients of 10-9-10-11 cm2/s, which exhibits a purely diffusion-controlled ion
intercalation mechanism over typical electrochemical cycling parameters that is fully captured
by the GITT model. Notably, the 𝐷!"## values for pristine graphite are always greater than
exfoliated graphite, an opposite trend as measured by EIS and as implied by variable-rate CV
and galvanostatic data, because pseudocapacitive (non-diffusion-limited) intercalation is not
captured by GITT analysis. Interestingly, there are local minima values of 𝐷!"## at certain cell
potentials at which a significant transition of graphite staging occurs, which is a typical result
when multiple phases are present within a bulk electrode.170,171

Note that the molar volume is assumed to be constant (5.37 cm3/mol), regardless of state-of-charge.
Using geometric calculations, fully intercalated graphite would expand in height, and thus
volume, by an estimated factor of approximately 1.67 and 1.8 for stage 4 and stage 3 intercalation,
respectively. The diffusion coefficient scales like the square of the molar volume (𝐷!"## ~𝑉G$ ).
Charging to 2.3 V, where the maximum volumetric expansion is expected, would result in a
diffusion coefficient approximately 2.8 (assuming stage 4) or 3.2 (assuming stage 3) times higher.
Thus, diffusion coefficients estimated with and without considering volume expansion are
expected to be within the same order-of-magnitude.

On the other hand, EIS can in principle take account both pseudocapacitive and diffusion-limited
Faradaic contributions by modeling the mid-frequency semi-circle and low-frequency “tail.”164 To
account for the significant deviation of the low-frequency tail from a 45° slope indicative of semiinfinite diffusion, the finite-length modified Warburg circuit element was used to estimate the
characteristic diffusion time 𝜏@ corresponding to the EIS frequency range of f < 1.5 Hz (Figure
5.7). If the characteristic diffusion length L is known, the order-of-magnitude of the apparent ion
diffusion constant 𝐷V"J can be estimated via the scaling relationship 𝐷V"J ~𝐿$ /𝜏@ .172 More
specifically, L is the length scale over which ion concentration gradients occur. As discussed below,
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ion transport in the electrolyte phase within the porous electrode must play a critical role in
controlling the diffusion limitations, particularly at higher potentials and cycling rates; solidstate ion diffusion within the graphite interlayers may indeed still play a role in the overall rate
of AlCl4- intercalation, but it alone cannot account for the faster rate performance and greater
apparent diffusion coefficients of exfoliated graphite, compared to pristine graphite.
Determination of the correct length scale L is not clear as concentration gradients may exist in
both the liquid electrolyte and solid graphite phases, but assuming an average characteristic
diffusion length scale of 10-5 cm, for example, the calculated DEIS values range from 10-12 to 10-10
cm2/s, depending on state-of-charge and graphite type (Table 5.3). Due to the uncertainty in L,
only the trends in DEIS are analyzed here. Between graphite types, exfoliated graphite exhibits
higher apparent ion diffusion coefficients, confirming that exfoliated graphite facilitates faster
overall ion mass transport than pristine graphite. During charge (intercalation), apparent
diffusion coefficients for exfoliated graphite are constant at potentials of 2.1 V and below,
decreasing an order-of-magnitude at the higher potential of 2.3 V. During discharge
(deintercalation), apparent diffusion coefficients decrease modestly, less than one order-ofmagnitude, as the potential decrease. Apparent ion diffusion coefficients are calculated for
different values of the characteristic diffusion length (e.g., 10-6 < L < 10-3 cm), which yield identical
trends but vary only in magnitude according to the scaling 𝐷V"J ~𝐿$ (Figure 5.11).
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Table 5.3 Finite-diffusion Parameters for Modified Warburg Element (M-element)
Exfoliated

Pristine

DEIS (cm2/s)

𝝉𝒅 * (s)

𝝉𝒅 * (s)

(assuming avg. L=10-5 cm)
1.9 V (Charge)

0.27

2.0 V (Charge)

0.31

2.1 V (Charge)

0.30

2.35 V (Charge)

2.21

2.2 V (Discharge)

0.29

1.8 V (Discharge)

0.57

1.7 V (Discharge)

1.01

DEIS (cm2/s)
(assuming avg. L=10-5 cm)

3.77 E-10

0.33

3.05 E-10

3.26 E-10

6.03

1.66 E-11

3.34 E-10

10.47

9.55 E-12

4.53 E-11

1.14

9.09E-11

3.39 E-10

0.37

2.73E-10

1.75 E-10

1.02

9.78 E-11

9.90 E-11

2.27

4.41 E-11

*The diffusion time constant (𝜏@ ) was calculated by fitting the low-frequency regions (f < 1.5 Hz)
/

of the EIS spectra via 𝑍I/ (𝑓) = 𝑅@

^R_`(a0 [$\O) "
/

(a0 [$\O) "

[7]

Figure 5.11 The dependance of DEIS with different characteristic diffusion lengths for (a-b)
exfoliated and (c-d) pristine cells.
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5.4.6

Relationship Between Graphite Structure, Ion Mass Transport, and Overall Rate

of AlCl4- Intercalation

In aggregate, the electrochemical methods above establish that the electrochemical intercalation
of AlCl4- anions into graphite exhibits significant pseudocapacitive contributions over common
experimental conditions as a result of non-diffusion-limited ion intercalation processes.
Furthermore, ion diffusion limitations that do exist can be reduced, and consequently rate
performance enhanced, by modifying the graphite structure. The electrochemical differences
observed between pristine and exfoliated graphites cannot be explained by differences in solidstate ion diffusion within the graphite interlayers, as argued above, as this would require fewlayered graphene (less than approximately 5 or 6 layers) instead of bulk graphene. Between the
pristine and exfoliate graphites studied here, the specific surface areas, electrode porosities, and
surface chemistry are similar. True EDL capacitive contributions are small, consistent with the
low specific surface areas of the graphites. The significant differences in rate performance, then,
must be due to ion mass transport in the electrolyte phase within the porous electrode structure.
This result reveals one key difference between Al-graphite batteries and other common battery
intercalation electrodes and chemistries (e.g., Li+ intercalation into graphite), which are typically
rate limited by solid-state ion diffusion and not ion transport in the electrolyte.
Diffusion in porous media follows the well-established relationship173

𝐷7OO = 𝐷A?>9 ∗

ϕ
𝜏

Eqn. 5.4

where 𝐷7OO is the effective ion diffusion coefficient within the porous structure, 𝐷A?>9 is the ion
diffusion coefficient in the bulk electrolyte, ϕ is the electrode porosity, and 𝜏 is tortuosity. 𝐷A?>9 is
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4.45 *10-6 cm2/s for AlCl4- anions in the neat electrolyte174 while ϕ is ca. 0.50 (calculated above).
The porous electrode structure is also described by its tortuosity (𝜏), a parameter that reflects the
curvature and efficiency of percolating pathways within the material. Since 𝐷A?>9 and ϕ are
unchanged upon exfoliation, we conclude that the tortuosity 𝜏 must decrease, thereby increasing
the efficiency of ion transport pathways and enhancing the diffusive flux of ions to the graphite
surfaces.

The exfoliated and pristine graphites thus exhibit key differences in their structures that
influence how ion mass transport affects the overall rate of electrochemical AlCl4- intercalation,
which are summarized in Figure 5.12. Mild exfoliation reduces the c-axis thickness of graphite
particles and facilitates a graphite particle arrangement whose porous structure reduces ion mass
transport limitations. In addition to (i) reduced tortuosity, which increases the effective diffusion
coefficient of AlCl4- anions within the porous electrodes, we hypothesize that there is also (ii)
increased accessibility of interstitial pores to AlCl4- anions and concomitant reduction of small
nanopores, which otherwise could become locally depleted, resulting in ion concentration
gradients and hence diffusion limitations, as well as (iii) fewer blocked edge sites due to graphite
particle in close proximity. Pertaining to the Al-graphite battery chemistry itself, the solid-state
diffusion of AlCl4- anions into graphite appears to be anomalously fast; if it were slow compared
to the rates of ion diffusion within the porous electrode and electrochemical insertion kinetics,
then it would be rate-limiting. Regarding ion insertion, the lack of a reported SEI on the graphite
cathode combined with the weak desolvation penalties of AlCl4- anions in the ionic liquid
electrolyte facilitate fast AlCl4- insertion at the electrolyte-electrode interface. Here, mild
exfoliation was performed to study the AlCl4- intercalation process into a model graphite material,
while pristine graphite served as a reference. One technological advantage of ultrasonic
exfoliation is that it is scalable and permits the manufacture of electrodes with high mass
loadings. Graphite electrodes can be further engineered to reduce diffusion limitations and enable
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ultra-fast rate performance, which has been demonstrated in highly oriented and porous
graphene-type structures using high-temperature, high-pressure and acid dissolution
treatments.31,149 An interesting direction of future research is to engineer the graphite structure
to reduce ion diffusion limitations while enabling electrodes with high mass loadings and
densities.

Figure 5.12 Schematic depicting key features of graphite structure that affect ion mass transport
and hence the apparent rate of AlCl4- anion intercalation in (a) exfoliated and (b) pristine
graphite.

5.5

Conclusions

Charge storage mechanisms in graphite electrodes for rechargeable aluminum-graphite batteries
were quantitatively decoupled into diffusion-limited Faradaic, pseudocapacitive, and capacitive
contributions. Two graphite types were studied: pristine graphite and exfoliated graphite
prepared by mild ultrasonication. Galvanostatic cycling and CVs established effectively identical
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capacities and redox CV peaks between the two graphite types at slower rates (60 mAh/g and 0.07
mV/s, respectively). Galvanostatic cycling at faster rates revealed that exfoliated graphite
exhibited ca. 15-20% higher discharge capacity retention, compared to pristine graphite, at rates
ranging from 240 mA/g to up to 3.8 A/g. Variable-rate CV analyses establish that AlCl4electrochemical intercalation into graphite exhibits significant pseudocapacitive character
associated with non-diffusion-limited ion intercalation processes. For the highest potential
charge/discharge redox couple (2.35 V/2.2 V), exfoliated graphite exhibited significant
pseudocapacitive contributions, while pristine graphite exhibited pure diffusion-limited Faradaic
behavior. EIS measurements confirmed the interplay of pseudocapacitive and diffusion-limited
Faradaic intercalation processes that vary with cell potential and graphite type, revealing
significantly decreased interfacial charge-transfer resistances and higher apparent ion diffusion
coefficients for exfoliated graphite. The significant differences in rate performance upon graphite
exfoliation is due to differences in ion mass transport in the electrolyte phase within the porous
electrode structure, which play a critical role at higher potentials and faster cycling rates.
Structurally, exfoliation enhances ion mass transport in the porous electrode and hence rate
performance by reducing its tortuosity. We hypothesize that increased accessibility of interstitial
pores and fewer blocked edge sites also facilitate ion mass transfer. The results underscore the
beneficial effects of a scalable mild exfoliation process that enables higher-rate applications while
preserving specific energy at lower rates. Future efforts to enhance the high-rate performance of
graphite electrodes should focus further enhancing pseudocapacitive intercalation of AlCl4- anions
into graphite by continuing to reduce diffusion limitations, ideally using scalable and economical
methods that enable electrodes with practical graphite mass loadings and densities.
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5.6

Appendix

Figure A5.1. Total Harmonic Distortion (THD) and the Non-Stationary Distortion (NSD) analyses
of the electrochemical impedance spectroscopy data for Al-graphite cells containing exfoliated (ab) and pristine (c-d) graphite electrodes.
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Figure A5.2. TEM images of Light fraction Exfoliated Graphite that were cleaved off from larger
graphite particles. Background is lacey carbon 400 mesh grid.

Figure A5.3. (a) N2 sorption isotherm for exfoliated and pristine graphite particles before
incorporation into a composite electrode. The pristine graphite was soaked in NMP for 2 h and
vacuum dried overnight, but not ultrasonicated, to subject it to an otherwise similar preparation
process. (b) BJH pore size distributions for exfoliated and pristine graphite.
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6

6.1

Summary and Outlook of Al-Graphite Batteries

Summary of Dissertation

Over the past 6 years, many researchers have demonstrated the high performance and excellent
cyclability of rechargeable aluminum-graphite batteries. This energy storage technology holds
great promise in enabling large-scale applications in the future, primarily owing to the numerous
advantages offered by aluminum metal electrodes (e.g., high-abundance, low-cost, energy dense,
environmentally-friendly, highly-recyclable, air-stability). However, the structure-function
relationships of cell components and the underlying chemical mechanisms have not yet been
deeply studied. As is true for all battery chemistries, the precise migration of ionic species and
electrons across materials and interfaces needs to be elucidated before fundamental
improvements on the cell-level can be made.

Firstly, the plethora of graphite electrode structures used for Al-graphite batteries in the
literature has resulted in a highly fragmented understanding of the role of structure on the celllevel performance. Here, we determined some key structure-dependent properties through a
systematic and levelized study comparing three different types of graphites. For example, the
prevalence of electrolyte-degrading side reactions, and hence decreased coulombic efficiency,
depend strongly on the nature of the graphite. Synthetic graphite exhibited the lowest coulombic
efficiency due to its greater concentrations of both edge sites and surface defects, while pyrolytic
graphite exhibited the best coulombic efficiency and hence long-term cycling stability. Long-term
cycling of all Al-graphite cells can be improved by lowering the upper voltage limit to 2.3 V for
the initial cycles. Further improvements to increase the Coulombic efficiency should focus on
identifying the mechanisms of deleterious side reactions and mitigating them by using electrolyte
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additives or functionalizing the graphite edge sites. Cyclic voltammograms revealed that lowervoltage (<2.1 V) redox processes associated with less-dense staging were most prominent for
natural graphite, while the dominant charge storage mechanism for all graphites was reversible
chloroaluminate intercalation/de-intercalation (~2.3 V/2.2 V) at the highest density achievable at
room temperature. The average compositions of fully intercalated electrodes were determined
coulometrically. By further applying a hard-sphere model to approximate the geometric
dimensions of intercalated anions, an estimation of the theoretical capacity and maximum
graphite stage was determined. This result was intriguing as it further highlighted the
discrepancies regarding graphite staging behavior among different methods and models used in
the literature. Now, with an idea of the maximum intercalation capacity, we proceeded to measure
ion mass transport limitations or lack thereof. For both natural and synthetic graphites,
intercalation/de-intercalation at low cell potentials was effectively reaction-limited, while at high
cell potentials it was neither strongly diffusion- nor reaction-limited. This is markedly different
from the intercalation of lithium cations, which is completely diffusion-controlled. Among
different graphite structures, pyrolytic graphite exhibited the greatest extents of diffusionlimitations at all cell potentials. Overall, these results regarding ion transport indicated that the
intercalation of AlCl4- (a sterically-bulky molecular anion) into narrow graphite layers is somehow
faster and/or more facile process than expected.

The next step taken to elucidate the charge storage behavior was to probe the chemical
environments of the intercalated anions directly, rather than rely on XRD or Raman techniques
which probe the graphite framework. Solid-state 27Al NMR results proved to be a powerful method
in establishing the wide range of environments of the intercalated chloroaluminate anions
present at a particular state-of-charge, greatly contrasting the highly-ordered and uniform
environments given by ideal diffraction models.

27Al

NMR signals were observed in the fully-

discharged electrodes, confirming that “trapped” anions play a role in influencing the graphite
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structure at low cell potentials and reduce the capacity of the electrode in subsequent cycles.
Density functional theory was employed to interpret the changing
local electronic and magnetic environments, enabling the total

27Al

27Al

NMR shifts in terms of

isotropic NMR shifts to be

understood quantitatively in terms of chemical shift, ring-current effects (nucleus-independent
chemical shift), and electric quadrupolar couplings. The results establish that the high extents of
local disorder observed in the solid-state

27Al

NMR spectra are largely due to distributions of

chloroaluminate anions in different molecular configurations. Notably, this includes highlydistorted, planar-like configurations of AlCl4- at low cell potentials when the graphite layers are
contracted. This result, which prior to this work has only been demonstrated theoretically and
computationally, suggests that the chloroaluminate anions can intercalate even before the
graphite layers fully expand to form ordered stages, which could be one reason for the nondiffusion-limited intercalation behavior.

Finally, the above findings motivated our next goal of modifying the graphite structure to further
enhance the fast ionic transport that contributes to the excellent high-rate capability of Algraphite batteries. While recent reports had also sought to achieve the same goal, researchers
have offered different and sometimes conflicting explanations as to how modified graphite
structure translates to better high-rate capability. Here, we develop a more rigorous
electrochemical explanation by disentangling the overall charge storage mechanism in terms of
Faradaic, pseudocapacitive, and capacitive contributions. Two model electrodes were studied:
pristine graphite and exfoliated graphite prepared by a mild ultrasonication treatment to reduce
the number of graphite layers. At low cycling rates (60 mA/g), galvanostatic cycling and CVs
established effectively identical capacities and redox CV peaks between the two graphite types.
However, at higher cycling rates (up to 3.8 A/g), exfoliated graphite exhibited ca. 15-20% higher
discharge capacity retention compared to pristine graphite. Variable-rate CVs revealed that
exfoliated graphite exhibited significant pseudocapacitive contributions at high cell potentials,
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accounting for 30% of the charge and discharge capacity that was not observed for pristine
graphite cells. On the other hand, pristine graphite exhibited pure Faradaic behavior,
establishing that exfoliation significantly reduces ion diffusion limitations for electrochemical
AlCl4- intercalation. EIS measurements confirmed the interplay of pseudocapacitive and Faradaic
processes that vary with cell potential and graphite type, revealing significantly increased chargetransfer resistances and lower apparent diffusion coefficients for pristine graphite. These effects
are believed to be due to a combination of reduced tortuosity, increased accessibility of interstitial
pores to AlCl4- ions, and fewer blocked edge sites, all of which enhance ion mass transport within
the porous electrode. Thus, mild exfoliation is a simple method that enhances pseudocapacitive
contributions to the cell capacity, enabling high-rate applications while preserving specific energy
at lower rates. Future efforts to enhance the high-rate performance of graphite electrodes should
focus on further reducing diffusion limitations to enhance pseudocapacitive intercalation of AlCl4anions, ideally using a method as scalable and economical as ultrasonic exfoliation.

Collectively, the insights presented in this dissertation describing the relationship of diverse
phenomena occurring at the nanoscale (e.g., AlCl4- geometry and chemical environments, graphite
periodicity), micro- to mesoscale (e.g., ionic transport, tortuosity and pore accessibility) and the
macroscale (e.g., cell-level electrochemical behavior) significantly contribute to and refine recent
reports in the growing body of literature. This knowledge will push Al-graphite batteries closer
to the top of the list of next-generation, beyond-lithium energy storage candidates that are
sustainable, safe and energy-dense.
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6.2

Future Avenues of Research

6.2.1

Effects of Low-Temperature on Ionic Liquid Electrolyte Side Reactions, Cell

Performance and Cyclability

Electrolyte degradation and its associated side reactions dictate a battery’s efficiency and
longevity. This is true even for today’s state-of-the-art Li-ion batteries, where there is currently
abundant research in developing new electrolyte compositions (e.g., using additives, solid
electrolytes, new solvents) to mitigate instabilities that lead to degradation and the formation of
unfavorable SEI structures, while preserving high ionic conductivities, wide electrochemical and
temperature stability windows required for high performance.5 For Al-graphite batteries using
Lewis acidic mixtures of AlCl3:EMImCl, electrolyte decomposition occurs significantly as the cell
potential approaches 2.5 V vs. Al/Al3+, which accelerates Cl2 gas generation81 and possible side
reactions with other battery components (e.g. electrode impurities, binder materials, etc.). Using
a lower upper potential limit will improve the coulombic efficiency and cell longevity, but at the
expense of reduced capacity and energy density (See Figure A3.2).

It has been recently reported that the high-potential side reactions can be reduced during lowtemperature cycling.74 For Al-graphite cells containing AlCl3:EMImCl (1.7:1) electrolyte, Pan et
al. performed CV scans at variable temperatures, which revealed that the CV peak at 2.6 V vs.
Al/Al3+ associated with electrolyte decomposition was significantly smaller for -10 °C, compared
to that for 25 °C where chlorination of the graphite edges are expected. Even more impressive
was the additional charge/discharge galvanostatic plateau observed at 2.6 V/ 2.5 V. As a result,
when the cells were cycled using potential limits of 1.0 – 2.7 V, the cells at -10 °C actually yielded
higher capacity (discharge capacity ~100 mAh/g) than at 25 °C (discharge capacity ~80 mAh/g).
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Excellent reversibility was confirmed for cycling at temperatures down to -40 °C. Separately,
Chen et al. had also reported >1000 cycles at -30 °C for a graphene-like electrode and
AlCl3:EMImCl (1.3:1) electrolyte.31

The above results reported by Pan et al. and Chen et al. motivate the use of Al-graphite batteries
for low-temperature applications (e.g., aerospace and outer space exploration). Here, preliminary
experiments were conducted on Al - pyrolytic graphite cells to establish their low temperature
performance. Cyclic voltammetry (1.0 V – 2.6 V at 0.07 mV/s, 2 scans at each temperature)
revealed that the normal characteristic redox peaks (Figure 3.6) were evident at 10 °C, but become
less defined by -10 °C (Figure 6.1a). Notably, the CV peak at 2.6 V is smaller at -10 °C, indicating
a lower extent of side reactions. Galvanostatic cycling (60 mA/g, 20 cycles per temperature)
revealed a baseline discharge capacity of 85 mAh/g at 25 °C with defined charge plateaus near
2.6 V. However, when the temperature is lowered to -10 °C (Figure 6.1b), the capacity drops to
just 10 mAh/g. Interestingly, cell capacity is recovered after exposure to extremely low
temperatures (as low as -70 °C) and after over 140 total cycles, suggesting that the unfavorable
properties of the electrolyte at low temperatures are reversible upon re-establishment of ambient
temperatures.

Figure 6.1 (a) Galvanostatic cycling (60 mA/g) and (b) CVs (scan rate 0.07 mV/s) conducted at
variable temperatures, using an upper voltage limit of 2.6 V.
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While our preliminary results are not as promising as those of Pan et al., they highlight several
important variables that must be considered for optimize low-temperature cycling. First, the
composition of the AlCl3 and EMImCl mixture is an important factor for the electrochemical
stability window. For ambient temperature cycling, a molar ratio of 1.3-1.5 was deemed optimal.2
For the low temperature tests, Pan et al. used a molar ratio of 1.7:1, while the preliminary data
above used 1.5:1. The molar ratio influences the ionic conductivity and viscosity of the electrolyte.
For example, Ferrara et al investigated the properties of AlCl3:EMImCl electrolyte mixtures as a
function of molar ratio and temperature (-10 °C to 90 °C), quantifying the decrease in ionic
conductivity at lower temperatures.124 The alkyl chain length of the imidazolium-based cation is
also expected to modify the physical and electrochemical properties of the electrolyte. For example,
Wang et al. performed 3-electrode tests to measure the conductivity of AlCl3:BMImCl (1-butyl-3methylimidazolium chloride) mixtures as a function of temperature and composition,175 which
were different than the conductivity of AlCl3:EMImCl. Perhaps one strategy to further depress
the freezing point of the liquid electrolyte would be to use a mixture of different imidazoliumbased cations (e.g., EMImCl or BMImCl) or different halide anions (e.g., EMIm[Br], EMIm[I],
etc.). Preliminary galvanostatic tests using mixed electrolytes with varying ratios of
AlCl3:EMImCl and AlCl3:BMImCl suggest that higher ratios of BMImCl:EMImCl exhibit higher
galvanostatic capacities at low-temperatures (Figure 6.2).
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Figure 6.2 Galvanostatic cycling (60 mA/g) of Al-PG cells at variable temperatures containing
electrolytes with mixtures of AlCl3 and EMImCl+BMImCl at various compositions.

Thus, there are many opportunities to optimize the low-temperature cycling, which is governed
by a different set of mechanisms (i.e., fewer decomposition reactions, but low ionic conductivity
and possible crystallization) than those that govern ambient temperature operation (i.e., high
ionic conductivity but significant decomposition reactions). Further characterization of the
electrolyte properties (e.g., conductivity, viscosity, electrochemical stability window) with an
expanded matrix of compositions should be the next step to elucidate the optimal electrolyte for
low-temperature applications.

6.2.2

Complementary Study Using Total Neutron Scattering

One experiment I have previously proposed that may corroborate the NMR+DFT and theoretical
capacity estimation studies is total neutron scattering. Neutron scattering paired distribution
function techniques (PDF) enable directly quantification of the populations and spatial locations
of the nuclei of the intercalated ionic species. These experimental measurements will reconcile
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the disparate descriptions in the literature regarding the local configurations of the intercalant
AlCl4- anions relative to the graphitic host, which have so far been estimated using diffraction,
Coulombic-geometric and density functional theory models. Neutron scattering measurements
have been successfully conducted to study intercalation of monatomic cations176 (Li+, Na+, etc.)
into graphite; thus, this proposed work will be the first study on molecular anion intercalation
(e.g., AlCl4-).

Experimentally, neutron scattering at the NOMAD (BL-1B) beamline requires higher sample
masses of ~200 mg. Therefore, the first technological objective will be scale up the Al-graphite
Swagelok cells that were used in previous studies discussed in this thesis. Next, one can
employ total scattering to characterize the local structural information of the natural graphite
electrodes by measuring the total elastic scattering intensity •𝑄 =

(\ QPb(c)
d

‘ . Using PDF analysis

to generate a radial distribution map (i.e., G(r) vs. r), we can extract (i) the average interatomic
distance between all interlayer/intralayer carbon atoms via peak positions and (ii) any mesoscale
structural defects via peak width/height3 information from the PDF. After characterizing the
uncharged electrodes and background signals of auxiliary battery components, we will perform

in operando total scattering of Al-graphite cells at different states-of-charge. The expected
changes in short-range order of the graphite can be revealed through periodic interlayer
dimensions that can be correlated to the geometric configuration of the intercalated species and
the stage number of the intercalation compound. The NOMAD (BL-1B) beamline at Oak Ridge
National Lab offers extremely high neutron flux (108 neutrons cm-2 s-1), high penetration power
and low attenuation, which are all imperative for collecting publishable PDF data on our smallscale cathodes (~200 mg). By unambiguously tracking the changing atom-atom dimensions and
formation of new lattice defects of graphite, as well as the aluminum- and hydrogen-containing
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ionic species within the bulk graphitic framework, this analysis can reveal inter- and intramolecular correlations for various phases of the Cn[AlCl4] intercalated compound.

To study the possible and unconfirmed co-intercalation of non-AlCl4- species participating in
charge storage, one can probe the 1H nuclei present in EMIm+ cations, which is the only hydrogencontaining electrolyte species in the system. The high sensitivity of the hydrogen nucleus to
neutron scattering and its large scattering incoherence makes it feasible to study 1H dynamics.
Presently, 1H NMR spectra indicate the presence of EMIm+ cations (max length ~ 7.6 Å) in cycled
cathodes, but whether it co-intercalates into the bulk layers, or solely adsorbs onto prismatic edge
sites, is unclear. For chlorine-containing species, one can employ substitution of chlorine species
with specific isotopes177 by using Al35Cl3 and Al37Cl3 electrolyte reagents to track the
environments of AlCl4-, Al2Cl7-, or Cl- within the graphite lattice (Figure 6.3) and analyzed by
taking the first-order difference of the correlation functions (i.e. T37Cl(r)–T35Cl(r)). Furthermore,
PDF analyses can yield Cl-C and Al-Cl atom-atom correlations and interatomic distances, which
would yield spatial information regarding the density of intercalation and molecular geometry of
the anions.

Figure 6.3 Proposed neutron scattering study to reveal inter- and intra-molecular correlations via
35Cl and 37Cl isotope substitution
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